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ON NAMING THE AGGREGATE CONSTITUENTS 
IN STEEL 


By J. R. Vinetria, G. FE. GueELticu anp E. C. BAIN 


Abstract 


Some twenty photomicrographs are employed to il- 
lustrate and classify, from the structural standpoint, the 
modes of transformation of austenite and the tempering 
of martensite in carbon steel. These structural types are 
considered genetically and a simple basis of nomenclature 
is set forth. 

The authors propose that the word “pearlite’ be ap- 
plied to all the lamellar (ferrite and carbide layer) struc- 
tures formed directly by nodular growth from nuclei in 
the austenite at comparatively high sub-critical tem- 
peratures, and that the word “‘sorbite” be applied to tem- 
pered martensite structures. If the word “troostite” 1s 
to be maintained it should preferably be applied in such 
a way as to introduce no ambiguities or confusion; at the 
present a suitable category for troostite is not apparent 
though some possibilities not wholly logical are mentioned. 
rhe word “spheroidite” is suggested to designate the more 
coarsely spheroidised carbide structures. 


| N MARCH, 1934, Clayton" clearly voices the mild, though per- 
sistent, dissatisfaction which most of the students of steel metal- 


lography have felt with respect to the names of the aggregate con- 


SS 
the meantime 
Lucas’ has contributed discussion to this subject and more recently 
i\oselev and Poboril® of the Skoda Works in Pilzen have outlined 
their criticism of the current nomenclature. With similar intention 
the present writers are inclined to add what they may to the trend 


toward “‘stock-taking’’ with respect to these metallographic names. 


stituents of steel, particularly sorbite and troostite. In 


Charles Y. Clayton, ‘‘What Does Sorbite Look Like?’’, Mrtart ProcGress, Vol. 25, 
1934, No. 3, p. 43. 


F. F. Lucas, “Troostite; Its Structure,” Metat Procress, February, 1935, p. 24. 
See also “Structure and Nature of Troostite,’’ Bell System Technical Journal, 1930, p. 101. 


_ 8V. Koselev and F. Poboril, “Troostite, Sorbite, Pearlite,”” Mrtat Procress, March, 
135, p. 56, 


\ paper presented before the Seventeenth Annual Convention of the 
ociety held in Chicago, September 30 to October 4, 1935. Of the authors, 
R Vilella and G. E. Guellich are associated with the Research Laboratory, 
>. Steel Corp., Kearny, N. J.; and E. C. Bain is assistant to vice president 
“a : research, U. S. Steel Corp., New York City. Manuscript received 
une 6, 1935. 
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The early workers in steel microscopy have very proper! 


honored by having these steel structures named after them the 
manner of the mineralogists, and it is as desirable today as it was 
at the time of the assignment of these names to accord the pioneers 
this honor and to have their names before us. To H. C. Sorby pay 
ticularly is due respect and admiration. But the definitions of the 


1912 Congress* are not wholly satisfying nor adequate today because 
we not only recognize important differences among certain structures 
to which the same name has been applied but also because increased 
knowledge reveals inconsistencies within the definitions themselves. 
Teachers, particularly, may find occasion to be grateful for any 
limited readjustment of these names and definitions so that they may 
be more acceptable to the scientific mind. This paper suggests a few 
simple changes in definition of Pearlite, Troostite, and Sorbite which. 
it is thought, would resolve most of the inconsistencies with a mini 
mum of reconstruction, 

Scientists have usually found themselves extensively engaged in 
the naming of things; it has generally been expedient for them to 
apply names to new substances, new properties, new behaviors, new 
effects, and new conditions, as soon as they are discovered, even 
hefore very much is really known about them. The value of this 
prompt naming of things lies in the resulting convenient interchange 
of information, one observer with another, which is greatly facili 
tated by the verbal economy of a name. After a short interval, this 
new name requires a rigid definition, for persons who gladly employ 
the new term will wish to know to just how great a departure from 
the original observation the name is still applicable. Very often the 
name finds well-marked natural limits, which then fix the definition 
by tacit agreement or convention. In other cases, wherein the nature 
of the original observation is less comprehensively recognized and 
described, confusion sooner or later arises. Such confusion may be- 
come so great as to force the abandonment of the word altogether. 
The dropping of a word from scientific usage generally indicates 
that the appellation connotes such an incorrect or vague concept that 
no acceptable category at all can be found for it, for there appears 





. : } 
‘A report of Committee 53, on the nomenclature of the microscopic substances and 


structures of steel and cast iron, Sixth Congress of the International Association for 
Testing Materials, New York, September 1912, may be found in Appendix II, “The 
Metallography of Iron and Steel” by Albert Sauveur (McGraw-Hill), and in “Microscopic 
Analysis of Metals,’’ Osmond and Stead, p. 287. (C. Griffin and Co., Ltd.). The excel 
lent work of this Committee mee well be accounted for by the outstanding authorities 
named in its membership: Prof. M. Howe, Chairman; Prof. Albert Sauveur, Secre- 
tary; Prof. W. Cosmas, Prof. Carl Benedicks; Prof. F.+Wiist; Prof. A. Stansfield; 1 
J. E. Stead; Prof. L. Guillet; Prof. E. Heyn; and Dr. Walter Rosenhain. 
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be a strong philological tendency toward permanence in language ; 
east words efface themselves slowly. 


By way of example, a competent chemist might have consider- 


able difficulty, if he set himself the task today, in defining “phlogis- 


ron” or “dephlogisticated” in modern chemical language, however 
clearly the sense of the word may have expressed the views of the 
early chemists who first employed it; the concept to which the word 
applies is simply no longer tenable and the word is therefore obso 
lete. On the other hand, the word “anneal,” because its original sense 
was never at too great variance with growing knowledge was able to 
survive, although at one time it must have meant burn-on, char, or 
hlacken rather than to soften or equilibrate by means of heating. 
[he persistence of the word “temper” through its diverse successive 
meanings indicates how preferable it is to the technical mind to 
admit a degree of flexibility to a word so that it may be allowed a 


lively retention in the language. Again, the expression ‘chemical 
affinity” is probably at the moment obsolescent because the tacit 
assumption in its use, 1.e., of a simple correlation between a funda 
mental first cause for chemical action and a superficial appearance 
of activity (which has more to do with mere rate of reaction), is no 
longer acceptable to the enquiring scientist. The simple concept has 
heen replaced by a more applicable, though more complex, concept 
and there is really no suitable category for the older expression. 

The study of the physical chemistry of solid steel—in short, 
the heat treatment of steel—has been facilitated by coining a number 
of words to designate single constituents and conglomerates. It 
would be equivalent to holding a low opinion, indeed, of the advance 
in the science of steel treating to expect that the names assigned to 
the several aggregates in steel are now as aptly applied as they 
were at the close of the nineteenth century. Indeed, it is rather to 
be expected that the application of improved research tools in a 
comparatively new field might result in the revision of a large number 
of word definitions. 

In any event, the phases and finely-dispersed aggregates in steel 
have been named and these names served very well so long as every 
one agreed that the definitions were compatible with the mode of 
formation and occurrence as described. If there is incompatibility, 
then a minimum revision, sufficient to restore consistency, should be 
made, 


lhe names of the principal steel constituents are as follows: 
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1. Cementite 4. Martensite 7. Pearlite 
2. Austenite Ledeburite 8. Troostite 
3. Ferrite 6. Osmondite 9. Sorbite 


uN 










(Of these names for the structural states in steel, the f; 

















are now unquestionably so defined as to be acceptable to essenti; 
all metallurgists; so far as these words are concerned there a 
to be no serious diversity of opinion as to just what is meant. The 
following definitions are believed to give the sense of those generally 
in use and to avoid controversial points: 
Cementite: The principal carbide compound of iron. 
and limited amounts of other elements substituting for iron, 
having the characteristic orthorhombic crystal form of Fe,C. 
Other carbides of different crystallinity carrying moderately 
large proportions of other elements are generally termed 
“special carbides.” 
Austenite: The iron solid solutions with the gamma 
form of iron acting as solid solvent. Atomic arrangement, 




















face-centered cubic. 

Ferrite: The iron solid solutions with the alpha or 
delta form of iron acting as solid solvent. Atomic arrange 
ment, body-centered cubic. 

Martensite: The product of the low temperature trans- 
formation of austenite; structurally, the iron appears to be 
ferrite, not in polyhedral grains, however, but highly stressed 
and highly strained, and usually greatly supersaturated with 
respect to carbon; whatever units of martensite exist which 
could possibly be classed as grains are probably plates; in 
all probability extremely fine carbide particles are usually 
dispersed therein within a short time; the higher carbon 
martensite is often tetragonal with indefinite ratio up to 
about 1.06. It is often, but not necessarily, associated with 
some retained austenite. 


Ledeburite: The carbide-austenite eutectic, in which, 











however, the austenite is already further transformed to fer- 
rite and carbide except as the word is used to denote the 
aggregate at the eutectic temperature. Ledeburite is not found 
normally in steels other than such high alloys as high speed 
steel. 

Osmondite: ‘There is nothing vague about the mean- 
ing of “osmondite,” if one will accept as a definition “that 
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aggregate of carbide particles in ferrite resulting from the 
reheating of martensite, which shows the maximum disso 
lution rate in dilute sulphuric acid.” Osmond himself gives 


directions for preparing it: “Hardened carbon steel of about 


cs 
one per cent carbon when reheated (tempered) to 350 


400 degrees Cent. (062-752 degrees Fahr.) passes through 


the stage of troostite to that of osmondite, and on higher 
heating to that of sorbite.””. Osmond warns that it 1s a term 
not likely to be familiar to general readers. Whatever dis 
position one makes of the names sorbite and troostite, the 
osmondite is still accurately, however irrelevantly, defined by 
specifying its behavior in dilute acid. 
One might mention also the word 

Hardenite: ‘This term is now so little used that it seems 

almost to be obsolescent and need not be considered in detail 


here. It appears to have meant “either austenite or marten 
site of eutectoid composition,” but clearly there are no par 
ticular properties associated alone with this composition ex- 
cept those having to do purely with the eutectoid behavior, 
not inherently involved in quenching. 


There remain, then, two, and possibly three terms which are in 
daily use but upon which there seems to be no close agreement as to 
precise meaning: sorbite and troostite—and, contingently, the third, 
pearlite, which must be defined in a manner compatible with these 
two. ‘The purpose of this discussion is two-fold: first, to point out 
how the increase of knowledge concerning the structures to which 
these names were applied has rendered the definitions inadequate for 
acceptably accurate descriptive literature, and second, to propose cer- 
tain slight changes in definition which would make possible a unanim- 
ity of meaning and a more orderly system of nomenclature. The 
present authors have no desire to formulate definitions nor to exert 
any energy in the direction of having their own suggestions accepted 
by other metallurgists; they believe, however, that ultimate good 
would result from some changes, and hope that the suggestions made 
here will assist eventually in finding the minimum change which 
will result in clarity and unanimity. Their attitude is best set forth 
by repeating the dialogue quotation used by Howe’® in his famous 
chapter on Classification and Nomenclature : 


“The Metallography of Steel and Cast Iron,” H. M. Howe (McGraw-Hill), p. 36. 
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Socrates: “But why should we dispute about names \ 

have realities of such importance to consid 

Glaucon; “Why indeed, when any name will do wh 
presses the thought of the mind with clearn 
Plato: The Republic. 


At present the chief shortcomings in definition have to do with 
(1) over-lapping domains of two words, (2) inherently differey 
structures covered by one word which incorrectly implies a clos 
similarity, and (3) certain implications which are not in accord with 
observation. laced even with these serious defects in a nomencla 
ture, one would still be ill-advised to contemplate anything approach 
ing an upsetting of the present scheme; almost any amount of com 
promise would have a greater potential benefit for the situation. Let 
us first consider the names and their significance. Of the name 
pearlite there is little need for any extensive re-consideration, but its 
limitations can profitably be broadened. 


PEARLITE 





When Sorby’s® patient and skillful hand-polishing and_ simul- 
taneous etching of a microscopic specimen had served to reveal to 
him the alternate layers of ferrite and carbide, the reason for the 
pearly iridescent appearance of the annealed steel surface was at 
once explained. With Sorby’s assent Howe named the aggregate 
(Sorby’s pearly constituent) “pearlite,’”’—originally “pearlyte.” The 
name would not have been applied to any but a lamellar structure 

















for only by the tendency of these layers in relief to act as a grating 
in decomposing light was the pearly appearance produced. This 
circumstance would appear to be ample reason for excluding any but 
the lamellar structures from the category of pearlite, and conversely, 
consistency urges that all lamellar structures be termed pearlite, since 
they possess the requirements for pearly appearance. Fortunately, 
this conforms reasonably well with general usage. A complication 
arises with respect to ‘“spheroidized pearlite” but even this designa 
tion can have no ambiguity if care is taken always to speci) 
“spheroidized” except when the structure is really lamellar, and to 
remember that spheroidized pearlite is not pearlite, but any structure 
which has been spheroidized. This subject is discussed further. 


*See particularly “On the Application of Very High Powers to the Study of the 
Microscopical Structures of Steel,” H. C. Sorby, Journal, Iron and Steel Institute (Great 
Britain) 1886, p. 140. 
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[f now, these lamellae of pearlite were always clearly observed 

y metallographer with any microscope and with any polishing 

etching technique, no ambiguity could have arisen, but unfor- 
tunately this is not true. The lamellae are not always equally spaced ; 
on the contrary, for any certain steel, the mean spacing of the car 
bide plates 1s a function of the precise temperature at which the 
austenite transformed to pearlite. The more rapidly the austenite is 
cooled, the greater will be the undercooling prior to transformation 
and, in turn, the thinner, and more numerous, the pearlitic (ferrite 
and carbide) lamellae. ‘This is illustrated in the series of photo 
micrographs, Figs. 1, 2, 3, 4, 5 and 6. Obviously, in the finer 
pearlites the separate lamellae are well resolved only in those parts 
of the specimen in which the lamellae make a small angle with the 
polished surface, and then only by a good modern microscope. In 
this case (for example, Fig. 5) the traces of the finest resolved 
lamellae are probably not more than 0.00013 millimeter apart and 
there is no possible reason for inferring that other parts of this speci- 
men are very differently constituted. ‘The structure is considered to 
be lamellar and pearlitic. But Sorby’s microscope, to judge by his 
later images (more remarkable for the nineties than any now shown 
in 1935!) would render only as a smooth surface any cementite ridges 
closer than about 0.0004 millimeter. There must have been then a 
considerable group of fine pearlites which the early authorities, being 
unable to identify as lamellar, were unwilling to include as such, 
and to which, quite properly, they applied another name. Consistency, 
however, would seem to indicate the extension of the scope of pearlite 
to include not only the coarse, but, as well, the finer lamellar struc 
tures unresolvable to the early observers, because of their inferior 
equipment and technique. <A situation of this sort is inevitable in 


any lively science and cannot be construed as indicative of anything 


hut progress, and carries no possible disparagement of early work ; 


the only reprehensible attitude would be a failure to recognize the 
need for a revision of concepts and names. 

The question may be raised as to whether pearlite might not 
include merely a certain coarse range of lamellar structures. The 
answer to this question would appear to depend upon the tenacity 
with which it is maintained that pearlite is essentially lamellar. If so, 
then the range of structures so to be named is wide. The usual means 
of depressing the temperature of actual transformation and hence of 
reducing the spacing of the pearlite lamellae is that of cooling a steel 
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ahr. Pig. 3—Pearlite Formed in a 0.78 Per Cent Carbon Steel at 1250 Degrees Fahr. 
5 Degrees Cent.). Hardness 22 Rockwell C. X 3000. 

ahr. ‘Fig. 4—Pearlite Formed in a 0.78 Per Cent Carbon Steel at 1200 Degrees Fahr. 
(650 Degrees Cent.). Hardness 28 Rockwell C. X 3000. 
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Fig. 5——Fine Pearlite Formed in a 0.78 Per Cent Carbon Steel 
Fahr. (595 Degrees Cent.). Hardness 33 Rockwell C. X 3000. 
Fig. 6—Fine Pearlite Formed in a 0.78 Per Cent Carbon Steel at 1000 


at 1100 
g 
Fahr. (540 Degrees Cent.). Hardness 36 Rockwell C. x 3000. 
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more and more rapidly, Finally, when the so-called critical cooling 
rate is just reached (provided the coolant is at some low temperature 

below about 100 degrees Cent.) the austenite transforms, at least 
“) part, to characteristic martensite. At these rates of cooling near 
the critical the martensite will be in broken areas mixed with a 
product which transformed at some 500 degrees Cent. (930 degrees 
lahr.). Such material certainly represents the normal limit of fine 
ness of carbide lamellae, and the microscope still shows that there 
are lamellae present. The photomicrograph of Fig. 7 confirms this, 
and the product of transformation at the minimum A’ temperature 
therefore fulfills the requirements for pearlite. Lucas? has likewise 
found this material to be lamellar, and we will wish to use his photo 
micrographs as references later on. In the authors’ laboratory and 
in the publications therefrom the words “‘fine pearlite’” have been used 
exclusively to designate this material. 

In the strictest sense, pearlite is always nodular, in that it forms 
hy the gradual encroachment upon the remaining austenite grain of 
several nodules spreading from a number of nuclei located usually 
in the grain boundary. A grain of austenite may transform by going 
over to lamellar ferrite and carbide upon a dozen different fronts. 
\s soon as the pearlite is formed, its lamellae remain quite definitely 
unchanged for hours, or days, even when the temperature of the 
transformation is maintained; the coarseness of the lamellae is es 
tablished, once and for all, by the temperature of the transforming 
austenite for any particular composition and grain-size. Coarse 
lamellar pearlite never forms from nodules of fine lamellae. The 
pearlite mechanism is well shown in Figs. 8 to 12, which may be 
regarded as a brief moving picture of the growth of pearlite nodules. 
lf now the temperature of actual transformation is somewhat lower, 
the nodular aspect is more pronounced, merely because the single 
“colonies” are more rosette-like in contour. 

This in turn is due to the fact that at elevated temperatures the 
pearlite often forms in only one of the two (or three) grains sharing 
the nucleus in the grain boundary, and very irregularly, whereas the 
finer pearlite (lower temperature of transformation) usually grows 
out rather uniformly in all directions into both grains. In really 
following the transformation, austenite to pearlite, the special sig 


nificance of “nodular” is nearly lost and no longer appears very im 


portant. By this time it will have become apparent that the nodular 
fine pearlite of this discussion is one of the constituents heretofore 
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Fig. 7 Nodular Fine Pearlite (Troostite) Associated with Martensite in a Quenched 
0.85 Per Cent Carbon Steel. Note Lamellar Structure. x 2500. 

Fig. 8—First Traces of Pearlite Formation After 320 Seconds at 1300 Degrees Fahr. 
(705 Degrees Cent.) in an 0.85 Per Cent Carbon Steel. Xx 1000, 





’ 
— 
a 
~ 
~ 
— 
— 
— 
a 
a 

~ 

~ 


AGGREGATE 


{MING 


NV. 


hi | dy: iy) 


f at i 


j } " ; 
fi) rf if V / > 2 _ 
LP PERMA TL rs J. 
MH YM EZ 
mL LEY yf iN Afe Cee: y 
i f k A / e4 j 


, 





er Cent 


5 Per Cent (75 P 


8 Advanced to 


igs. 8 and 9 Advanced to 50 Per Cent (50 Per 


10—Pearlite Formation as in Fi 
xX 1000. 


xX 1000. 


Formation in Steel of Fig. 


Pearlite 
tenite) After 1150 Seconds. 


_ Fig. 
Cent Austenite) After 1320 Seconds. 


y 


Aus 





NY 


a 


TRANSACTIONS OF THE 


A. S. M. 


Fig. 11—-Pearlite Formation as in Figs. 8, 9 and 10 Advanced to 75 Per Cent (2 
Per ra Austenite) After 1450 Seconds. x 1000. 


2—Pearlite Formation Completed in Steel of Figs. 8, 9, 10 and 11 After 4000 
Seconds. xX 1000, 
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designated as nodular troostite. One can scarcely believe that a word 
other than pearlite would have been applied to any of the continuous 
<eries of lamellar structures had the microscopic equipment and 
technique of today been available. 

It would seem indisputable that the characteristics of a material 
which are involved in the definition of its name, should, so far as 
possible, reside in and be inseparable from the thing itself. Thus, 
the definition of pearlite should not depend upon the progress of 
optics, if it can be prevented, and by suitable choice of words this 
contingency may be anticipated and avoided. The following is sug 
vested as a definition of pearlite ; 

Pearlite is the lamellar aggregate of ferrite and carbide result 
ing from the direct transformation of austenite at temperatures—usu 
ally above about 500 degrees Cent. (930 degrees ahr.) for carbon 
steels—at which the diffusivity of carbon is sufficient to permit the 
simultaneous formation of ferrite and carbide rather than an aciculat 
structure, however transient, of ferrite supersaturated with respect 
to carbon, 

The extension of the designation pearlite to include all lamellar 
dispersions of carbide in ferrite makes almost no change in its def 
nition but serves to remove therefrom certain vague limitations which 
result in different designations being applied to the same sample de 
pending upon the resolving power of the microscope in the hands of 
the investigator. For example, a one-inch bar of eutectoid carbon 
tool steel, if oil-quenched, would be pronounced troostitic or sorbitic 
by one microscopist and as pearlitic by another who employed a 
higher magnification with lenses of good resolving power. According 
to the above definition the absence of traces of acicular markings and, 
instead, the indications of nodular growth would be reason enough 
to pronounce the structure fine-pearlite, for the dispersion of its pri 
nary constituents is most certainly lamellar, 


SPHEROIDIZATION 


In heterogeneous systems the reduction of interface area results 
ina slight but definite evolution of heat and represents a trend toward 
a state of lower energy and greater stability. This necessitates a mild 
but often observably effective driving force toward particle growth, 
which reduces surface area. ‘Thus a sludge of extremely fine par- 
ticles of the solute material in a saturated liquid solution is gradually 


converted to coarse crystals, or a single large suspended crystal may 
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grow in the supernatant liquid at the expense of this fine age 


vate 
Similarly, all the various aggregates of ferrite and carbide in stee| 
as well as martensite, will, if sufficient mobility is provided (t! diet 
increased temperature) to permit diffusion, tend to form a inrse 
dispersion of roughly spheroidal particles in ferrite. This action may 


possibly proceed at finite, although practically immeasurably soy 
rates at even low temperatures but it appears more probabl: that 
the “internal friction” is too great to allow any coalescence unless 
the temperature exceeds a critical value for any certain state of dis 
persion. In any event, at temperatures near A’, the carbide in carbon 
steels forms rough spheroids which may be resolved by a micro 
scope at as low a magnification as & 100; such a spheroidized struc 
ture is shown in Fig. 13. A coarse lamellar structure will show no 
tendency to spheroidize, even in a thousand hours, at a temperatur 
which, employed for tempering martensite, produces only a_ fin 
spheroidal structure, for such a_ spheroidization would imply an 
increase in interface area. Indeed, very coarse lamellar _pearlite 
coalesces to spheroids very slowly at any temperature. 

This matter is introduced here as a background for a considera 
tion of the naming of the coarser spheroidized structure produced 
commercially in the interest of maximum softness, particularly after 
a homogenizing treatment which leaves the metal somewhat hard, 
(e.g. fine-pearlite ). 

The sound logic involved in the application of the word pearlite 
to pearly, i.e., lamellar, structures, at once urges the exclusion of an) 
spheroidized structure from this category. Such spheroidized struc- 
tures might well have been named “Spheroidite,” but one hesitates 
to think of adding yet another name to a list already too long. Per 
haps “spheroidized cementite,” or “spheroidized pearlite” will sufhce 


‘ 


although the name “‘spheroidite” might be very useful as a designa 
tion for the coarse structure brought about in the interest of softness. 

The question of the two remaining commonly employed terms 
is a difficult one, and one, also, upon which there is less likelihood of 
finding agreement. Before making any suggestions it is perhaps 
desirable to consider briefly what fundamental characteristics of the 
products of austenite transformation there are which might serve for 
classification purposes and hence for logical identification. 


Mopes or TRANSFORMATION 





It now appears that there are two, and only two, easily distin- 
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13—Spheroidized Carbide in a 0.94 Per Cent Carbon Steel. First Quenched and 
xX 2000. Compare 


tained 24 Hours at 1200 Degrees Fahr. (650 Degrees Cent.). 


14 Simultaneous Formation of Both Lamellar (i.e. Nodular) and Acicular 
cts of Austenite Transformation at 1000 Degrees Fahr. (540 Degrees Cent.). X 1000. 
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guishable mechanisms for the transformation of austenite, aj.| tha, 
they relate, for any particular steel, to the actual temperatur: 






































t the 
particular portion of austenite undergoing transformation. 

1. The Pearlite Reaction. Simultaneous formation of {ferrite 
and carbide layers, directly from austenite, (after the proeutectojd 
reaction is locally complete) by a steady encroachment of roughly 
parallel plates (lamellae) upon the receding austenite boundary. The 
products are similar, differing only in spacing and regularity: the, 





may be called pearlite without confusion. 


2. The Acicular Reaction. The successive, abrupt formation 




















of flat plates of supersaturated ferrite along certain crystallographi 
planes of the austenite grains; this supersaturated ferrite begins a 
once to reject carbide particles, (not lamellae), at a rate depending 
upon temperature. In effect, this is the acicular mode of transforma 
tion, even though the temperature be such as to limit the actual life 
of the quasi-martensite to millionths of a second. 

In carbon steels’ the decomposition of the austenite proceeds 
according to the pearlite reaction (1) at temperatures down to about 
940 degrees Cent. (1000 degrees Fahr.) and at all temperatures 
below about this point according to the acicular reaction (2). Indeed, 
there is a narrow range of temperature at which both reactions 
proceed at so nearly the same statistical rate that both products may 
be seen in the same specimen as in Fig. 14. In this figure the back 
ground represents pure austenite out of which the transformation 
products were formed, but, as photographed, it is, of course, marten 





















































site produced by the quenching employed to interrupt the concurrent 
low temperature lamellar, and high temperature acicular, reactions. 

When, by virtue of rapid quenching and the resultant extreme 
undercooling, the acicular reaction occurs below some 150 degrees 
Cent. (300 degrees Fahr.) the product, if immediately further cooled, 
is generally the hard, highly supersaturated, strained ferrite, i.c., 
martensite, in which, probably, the carbide particle precipitation has 
not occurred to any considerable extent. ‘This material, freshly 
quenched martensite, which does not darken rapidly during ordinary 
etching for microscopic examination, is illustrated in Fig. 15.8 A 



































7In mentioning a temperature for the change in mode of transformation from lamellar 
to acicular it is important to specify the kind of steel. Chromium steels, for qzampic 
transform by the acicular mode at much higher temperature than that given for carbon 
steels and high manganese steels transform to lamellar pearlite at considerably lower tem 
peratures. 




















8The photomicrograph of martensite employed here is believed to be more representative 
of this constituent as normally encountered than the more picturesque structures often 
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reheating brings about a shower of carbide particles and the products 
now known (along with the finer lamellar structures, i.e., fine 


are 
nearlite) as troostite or sorbite depending upon the degree of coal- 


scence by reheating. The structures resulting from such reheating 
are illustrated in Figs. 16, 17 and 18. All attempts to produce a 
lamellar distribution of ferrite and carbide by tempering martensite 
have failed and this should serve to indicate conclusively that pearlite 
< q direct transformation product of austenite even if the direct 
study of pearlite formation in the microscope, Figs. 8 to 12, were 
iwnored, 

The microscopic appearance of the softer (non-martensitic ) 
acicular products formed directly from austenite, as would be ex 
nected, resembles somewhat that of the tempered martensite, although 
this resemblance is less marked at higher magnifications. An expe- 
rienced metallographist is generally able to distinguish between the 
two acicular forms rather easily, as in Figs. 18 and 19. Mechanically 
the former is superior to the latter presumably due to the smaller 
disruptive stresses set up during transformation, and due perhaps 
also to a somewhat different carbide distribution. In any event the 
right-line markings in any of these structures provide a means of 
recognizing their original acicular mode of formation. It should not, 
however, be assumed that there is no dissimilarity between the non- 
martensitic structures of low temperature and of high temperature 
direct acicular transformation; the characteristic difference is illus- 
trated in Figs. 21 and 22. The plates formed at the higher temper- 
atures, e.g., 500 degrees Cent. (930 degrees Fahr.) are thicker than 
those formed at lower temperatures near the pure martensite zone, 
indeed the acicular products formed at the very highest possible tem- 
peratures, at which the nodular pearlite reaction may also occur, 
are quite distinctive. (See also Fig. 14). Nearly the whole of a 
vrain may transform as a single block in which all portions have the 
same gross or superficial orientation, whatever the atomic arrange- 
ment in the phases may be. This modification of the acicular type 
of product is in itself particularly interesting and warrants special 
study. Traces of it are occasionally found along with the nodular 
fine pearlite in the transition zone of critical cooling rate in surface- 
hardened, quenched steel. 
used in detailed studies of this constituent, for which purpose it is customary to examine 
the product derived from considerably coarsened austenite. This policy of presenting photo 


micrographs of the most commonly observed varieties of structures has been adhered to 
throughout all the illustrations of this paper. 
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Fig. 15—Typical Martensite in Eutectoid Steel, 0.85 Per Cent Carbon, X_ 2000. | 
Fig. 16—-Tempered Martensite Prepared from Material of Fig. 15 by Heating tor 
2 Hours at 445 Degrees Fahr. (230 Degrees Cent.). > 2000. 
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rig. 17—Tempered Martensite Prépared from Material of Fig. 15 by Heating for 5 
Minutes at 1200 Degrees Fahr. (650 Degrees Cent.). X 2000. (Sorbite). 
: Fig. 18—Tempered Martensite Prepared from Material of Fig. 15 by Heating for 
- Hours at 840 Degrees Fahr. (450 Degrees Cent.) to Develop Exactly a Hardness of 41 
Rockwell C. XX 2000. Compare Figs. 19 and 20. , 
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On the basis of the two-fold classification, the name 
more than ever would appear to suffice for the lamellar str: 


ures 
The particular acicular structure formed at low temperatures the 
vicinity of 150 degrees Cent. (300 degrees Fahr.) or lo Sas 
which any carbide precipitation is in so fine a colloidal state as to he 
largely speculative, has been named martensite and no reasona)he 
ground exists for even a carping criticism of this designation. p, 


way of summary, the softer acicular structures are formed in one oj 
two ways: 

1. By tempering martensite. 

2. Ly direct austenitic transformation at temperatures usually 
between about 500 degrees Cent. (930 degrees Fahr.) 
and 150 degrees Cent. (300 degrees Fahr.). 

The latter is as yet only rarely carried out commercially and the 
product may at some later time require a name. At the moment the 
tempered martensites are spoken of as either troostite or sorbite, the 
less markedly softened structures being called troostite and the more 
thoroughly softened martensite being termed sorbite. 


‘TROOSTITE 


The 1912 Congress evolved a consistent definition for an ag 






















gregate of this name, troostite : 

“In the transformation of austenite, the stage following mai 
tensite and preceding sorbite (and osmondite if this stage is recog 
nized).”’ This is a definition which, if the term persists, may well be 
preserved, but unfortunately for the present student, equipped with 
a good modern microscope, the Congress, too generously provided 
two methods of developing the structure, one of which is incom- 
patible with the definition. To quote: 

“It (troostite) arises either on reheating hardened (1.e., marten 
site) steel to slightly below 400 degrees Cent., or on cooling through 
the transformation range at an intermediate rate, e.g., in small pieces 
of steel quenched in oil, .... or in the middle of larger pieces 
quenched in water from above the transformation range.”’ It is fur- 
ther stated that it is habitually associated with martensite which 
identifies the product of the second method of formation with the 
dark-etching nodules illustrated in Fig. 7 which we see as fine pearlite. 

Considering now the first method prescribed for the formation 
of troostite, one finds that the structure is very different as illustrated 
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tig, 18, which reveals a particle precipitation structure with suffi 
cient right-line markings to prove its acicular origin. It would appear 
necessary to exclude this lamellar structure of nodular origin which 
formed by the direct pearlite reaction at A’ from the category of 
troostite and to consider only its application to tempered martensite 

‘1 which case, one may employ the 1912 definition except perhaps 
for the first five words which might be replaced with “In the gradual 
tempering of the freshly hardened steel.” 

In this connection, it appears that Arnold realized the lamellar 
nature of all the direct higher temperature transformation products 
of austenite, i.e., the products of the A’ transformation for he coun 
celled the use of “troostitic pearlite”’ for the finest and hardest direct 
products and “sorbitic pearlite’” for the coarser and somewhat softer 
structures. Curiously enough, his proposals were rejected because 
“This is contrary to general usage, which restricts pearlite to micro 
scopically resoluble masses.” But the very structures under discus 
sion are today resoluble, or resolvable and by the same good rea- 
soning should be called pearlite. 


SoORBITE 


Much of what has been written about troostite is applicable to 
sorbite. The 1912 definition designates : 

“In the transformation of austenite, that stage following troost 
ite, and osmondite if the stage is recognized, and preceding pearl 
ite,” 

This definition is thoroughly consistent in itself if one write 
“spheroidized pearlite” in place of pearlite. This might well have 
been done in the 1912 definition because pearlite was recognized as 
lamellar even then (“The iron-carbon eutectoid, consisting of alter 
nate masses of ferrite and cementite”), and simple experiment shows 
that no reheating of troostite or sorbite can ever develop coarser 
lamellar structures, but instead merely causes spheroidization. 

The discussion of the preparation of this aggregate, like that of 
troostite, however, provides means of making two dissimilar struc- 


tures instead of a single type of aggregate. The one, made directly, 
by a sub-critical cooling rate, is, as would be expected merely the 


ine pearlite of Lucas’ photographs while the other is an acicular 
product in which the carbide particles are somewhat coarsened. 
(Compareelig. 4 with Fig. 17, and Fig. 18 with Fig. 20.) It would 
again appear logical not to include under sorbite the pearlite struc 
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Fig. 19—Acicular Product of Direct Austenite Transformation at 850 Degrees Fabr 
(455 Degrees Cent.). With Hardness of Exactly 41 Rockwell C. X 2000. Compare 
Figs. 18 and 20. 

Fig. 20—Fine Pearlite Formed in Same Steel as in Figs. 18 and 19 at 1100 Degrees 
Fahr. (595 Degrees Cent.) With Hardness of Exactly 41 Rockwell C. > 2000. Compare 
Figs. 18 and 19, 





VAMING AGGREGATE CONSTITUENTS 
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Compare 


Degrees I 21—Acicular Structure Characteristic of Transformation Near the Upper Tem 
Compare perature Limit for this Mode of Transformation. x 1500. Incompleted Reaction in 
Eutectoid Steel at 1000 Degrees Fahr. (540 Degrees Cent.). 
_ Fig. 22—Acicular Structure Characteristic of Transformation Near the Martensite 
remperature Range. X 2500. Incompleted Reaction in Eutectoid Steel at 550 Degrees 
Fahr. (290 Degrees Cent.). 
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Fig. 23—-A Comparison of the Tensile Properties (Ultimate Tensile Strength, Pro: 
Stress and Breaking Stress Computed on the Reduced Section) of Spheroidal Sisesteres 
(Tempered Martensite) and Pearlitic Structures in the Same Steel at Various Hardnesses 


Fig. 24--A Comparison of the Tensile Properties (Reduction of Area and Elongation) 
of Spheroidal Structures (Tempered Martensite) and Pearlitic Structures 


in the Same 
Steel at Various Hardnesses. 





ture which, in fact, is not even extremely fine and instead to confine 
the definition to the tempered martensite. 

If there is reluctance to attach significance to a distinction be- 
tween structures of substantially the same hardness which is based 
only on the difference between a lamellar dispersion and a particle 
(lispersion, an inquiry into the resulting physical properties may be 
convincing. Two series of structures have been prepared from a 
single 0.84 per cent carbon steel, the one lamellar, the other tem 
pered martensite, in short, by the two alternate methods outlined by 
the 1912 Congress for the preparation of sorbite. Each series covers 
a fair range of hardness. The mechanical properties, as reflected in 
the tensile — are plotted against the common Rockwell C Hard- 
ness in Figs. 23 and 24 for easy comparison of the two types of dis- 
persion at comparable hardness. It will be seen that, regardless oi 
hardness, no similar assortment of tensile properties can be found 
for the two structures; the difference in properties is at a maximum 
in the characteristic hardness range of so-called sorbite. The photo- 
micrographs of Figs. 18, 19 and 20 show respectively structures ol 
precisely the same hardness in specimens of the same bar of steel 


produced (18) by tempering martensite, (19) by direct transforma- 
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to the softer acicular constituent and (20) by formation of fine 
nearlite. 


SUGGESTIONS FOR SORBITE AND TROOSTITE 


(he observations set forth above persuade the writers that 
neither of these words need include the lamellar structures, which 
Clayton sets apart by the designation “primary.” If it were not for 
the tacit assumption that there was something discontinuous in the 
lamellar series and that these aggregates were not pearlitic, the names 
“primary sorbite” and “primary troostite” would be very acceptable, 
and in our opinion happily chosen, but that assumption is encouraged 
by the use of the two names. 

The tempered martensite series from the slightly reheated ag- 
eregates to the coarser, softer products of high reheating temperature 
is also completely continuous and the application of different words 
tends to obscure this continuity, which is perhaps the most important 
feature of precipitation phenomena in metals. Whether or not 
different stages of coalescence are better distinguished by different 
names is largely a matter of individual taste. Those who incline 
to such names may point to such series as dust, sand, gravel, stones, 
etc., and there is no fitting rejoinder in refutation which may be 
made by the others who find the fact of continuity the more striking 
circumstance. 

At any rate, the assignment of the word troostite to the dis- 
persions finer and harder than those of sorbite is almost universal. 
l‘urthermore, as seemingly with all precipitation alloys there is a 
degree of fineness or dispersion which is most rapidly attacked in a 
corrosive medium, such as the etching reagents for metallographic 
preparation, and this condition of maximum attack may, as well as 
not, constitute the boundary zone between two of the designations, 
if it is felt that such designations are necessary or helpful. Unfor- 
tunately the mean size of the particles represented by this maximum 


rate of dissolution is not known, nor have we at present any means 


of determining it. At best, such a criterion of name is somewhat 
irrelevant. 

If one of these names were to be gradually dropped from current 
usage it would probably be troostite, since it would appear Sorby 
was somewhat more actively engaged in furthering the metallog- 
raphy of steel than was Troost. Certainly metailurgists could do 
nicely with but one name for tempered martensite and the word 
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“sorbitize” would be synonymous with “temper” or the les 
“draw.” 

At any rate, one may justifiably summarize these suovestinn: 
and ascertain how seriously, if at all, the changes would affect 4 


4 Lit 


usage of the words in question. The following schemati: repre 


sentations are consistent with the observations and the r 
therefrom: 


For carbon steel: 








Austenite—below A, and above about 550 degrees Cent. (1000 deorecs 
Kahr.) — Pearlite. 


Austenite—below about 150 degrees Cent. (300 degrees Fahr.) 3 
Martensite. 







\ustenite—between about 150 and 550 degrees Cent. (300 and 1000 


degrees Fahr.) -— un-named, dark etching, acicular ageregat 


val 






















somewhat similar to tempered martensite; hardness and coal 


{ 
i 


cence dependent upon transformation temperature. 


Martensite—reheated to about 150 to 400 degrees Cent. (300 to 750 


degrees Kahr.) — Troostite. 





Martensite or 





troostite—reheated to about 400 to 700 degrees Cent 
(750 to 1290 degrees Fahr.) — Sorbite. 









Martensite or troostite or sorbite—reheated to about 700 degrees Cent 
(1290 degrees Fahr.) but below A; — spheroidized cementite in 
ferrite (“spheroidite” ). 

line pearlite—at temperatures above its own formation temperature 

e.g., 600 degrees Cent. (1100 degrees Fahr.) but below A; ~ 

spheroidized cementite in ferrite, i.e., “spheroidite,” or perhap 

coarse sorbite. 


The dropping of the word troostite would clearly cause no great 
hardship and at the same time its use permits the possibility of am 
biguity unless it be definitely assigned to some arbitrarily limited 
range of a continuous series, at least a highly artificial means o! 
preserving its use. 

In conclusion the authors suggest that (1) pearlite apply to all 
lamellar structures in steel formed by direct nodular transformation 


and that (2 


) sorbite apply only to tempered martensite. 

If troostite is to be retained, it might apply either (1) to th 
slightly tempered martensite or even, though less satisfactorily, (<) to 
the particularly fine lamellar pearlite associated with martensite in the 
not quite fully hardened zones of quenched steel, but certainly not to 
both. 


lraw 
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DISCUSSION 


Written Discussion: By b. L. McCarthy and R, lk, Cameron, Wick 
re Spencel Steel Co., Buffalo, N. Y. 


he authors are to be complimented on the manner in which they have 


red their views, and the evidence offered to substantiate them. The dit 
eences that exist between the structures produced directly trom austenite and 


resulting from the tempering of martensite are apparent to most metal 


raphers and the suggested changes in our present nomenclature are, in out 


on, quite justifiable. 
lhe need of better terminology is particularly obvious in the manufacturs 
hieh carbon steel wire. For many years the desired structure of the patented 


r wire has been termed sorbite or sorbito-pearlite. However, by the uss 


nore modern polishing and etching technique and employing the modern 
microscope, these structures are resolved into lamellar pearlite in varying cd 


s ot fineness. 


Recent studies to determine the most desirable structure trom which to 


raw high carbon steel wire have shown: 


|. That fine pearlite, because of the more even distribution of cementite 
and ferrite and its relative ductility, is the most suitable. 
[hat coarse pearlite, because of the resistance to plastic deformation 
resulting from the thick cementite plates, is not desirable 
[hat structures resulting from the tempering of martensite at tempera 
tures below 1000 degrees Fahr. are too hard for plastic deformation 
rhat the coalesced cementite and free ferrite of the structures resulting 
from the tempering of martensite above 1000 degrees Fahr. does not 
produce high quality wire because of the uneven distribution of 


these 
constituents. 


This marked difference between the cold working properties of the pearlite 
produced in the patenting treatment and the structures resulting from the tem 
pering of martensite may be used as evidence of the dissimilarity of the two 
structures commonly termed troostite or sorbite. 


\s a means of evaluating patented structures in our laboratory we classify 
the structure of pearlite as follows: 


Coarse Resolved at 1000 diameters of magnification. 

Medium Unresolved at 1000 diameters of magnification. Resolved at 2000 
diameters of magnification. 

if line Unresolved at 2000 diameters of magnification. 


mited 


While we agree with the authors that the transformation of austenite 


as ll produces either martensite or pearlite, or both, depending on the position of the 
) ‘ il 


\rr, we feel that the -use of the terms “coarse,” “medium” and “fine” would 


more clearly indicate the temperatures of transformation that result from an 
nealing and normalizing. 


lation 


o the ln our opinion the use of the terms troostite and sorbite or just sorbite as 


2) to suggested, should apply only to structures produced by tempering sntnaininn 
‘n the Written Discussion: 


sy S. L. Hoyt, director of research, A. O. Smith 
Corporation, Milwaukee. 


10t to 


With the paper of Messrs. Vilella, Guellich, and Bain in hand, I decided 


revit 


w the subject matter briefly before reading it and knowing only its 
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general purport. 





The names by which we call familiar things ar 
tance to us, far beyond having merely a convenient term to specify 
has in mind. Accomplishing that useful purpose would be sufficien: 
tion for the usage but I believe the importance of names reaches { 
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is in their power for good or evil that names acquire their deepest si; 
How clarifying is Langmuir’s “space charge”; how obscuring is the forgotter 
scientist’s “suspended animation.” One teaches while the other stultifies 
us be sure of what we are doing here. 




















A little reflection soon convinced me that there is no need for consider) 


the advisability of renaming or redefining the constituents of steel: recen: 4 
vestigations had shown only too clearly that existing nomenclature was 





laut 
and inadequate. Having taken that step I passed at once to more importan 
matters. Broadly how should the constituents be differentiated and wha 
names should be given preference with least disturbance to our present con 























cepts? Rather easily the subject seemed to resolve itself about as follows 





Those constituents (old style) which form from austenite on cooling to produc: 





lamellar aggregates of ferrite and cementite are generically and genetically thy 
same and should be given the same name. Those constituents (still old sty 
which form from martensite on heating should likewise be. given the san 
name. Obviously some of the present names would have to be dropped and jt 
was equally clear that pearlite would not be one of them, nor would austenit 
or martensite. At this stage, things rested between retaining sorbite or troos 
tite and inasmuch as “sorbite,” the name, not only depicted the most important 



































constituent of many steels but also honored the father of our science, | crossed 
the Rubicon. 











At about this time I read the paper itself. Then it became clear that | 
had simply been following the teachings of the authors and associates over th 
past few years. Their studies in steel structures have so clearly described th 
transformations and the reaction products that it seemed futile to try to add 
to their discussion. It did not seem to be such a vital matter, my crossing th: 
Rubicon, 




















The authors have accomplished a worthy purpose in a scholarly manner. 
So clear is their presentation that teachers and students of the metallograplh) 
of steel will, I am willing to say, necessarily use its teachings as their text 
and adopt the nomenclature proposed therein. Indeed, to be correct, we shall 
have to think as they do of these matters and to think easily, we had best 
use the terms that they have found to be correct and appropriate. 

To what they write I have but few suggestions to make. The dark etching, 
acicular aggregate which forms from austenite at black heat is left nameless 
Unless I am in error, this structure was first produced and observed in th 
authors’ laboratory and it should be their privilege and honor to name it. | 
regret that they did not do so for this discussion. The structure which has 
been called “granular pearlite” is the only one we are asked to call by a new 
name, “spheroidite.” In view of the several geneses of this structure the authors 
are on sound ground when they select a name which refers to appearance rather 
than to origin. This name seems to me to be well chosen. 

































































By means of this paper and others relating to the terminology of aggregates 
in steel a movement has been started which should be carried to a logical con- 
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10% 


Here a word of caution seems to be appropriate for workers in other 


ust 


tc have the same interest in nomenclature as we here at this meeting. To 


ind 


bhyild permanently and satisfactorily we would be well advised to secure the 
operation of metallographists in all countries. 

Written Discussion: By Howard Scott, Westinghouse Electric and 
\Vanufacturing Co., East Pittsburgh, Pa. 

lhe question of terminology is a perplexing one that must be met eventually. 
\fr. Vilella and collaborators have proposed a solution which, however, lacks 
-omewhat the explicitness necessary to improve our present situation. Our 
hief problem is to draw sharp lines of demarcation between the several ovet 
lapping constituents, namely: ferrite and martensite, martensite and troostite, 
troostite and sorbite, sorbite and spheroidized pearlite. The microscope alone 
appears incompetent to provide the final criterion in all cases. Certain physical 

con properties and their changes on tempering, however, reveal end points of the 
lows reactions involved and in conjunction with the microscope their use should 
oduc: lead to sharp demarcations between constituents. 

\nother thing greatly needed in this connection is a generic term for the 
product of slow cooling embracing what is now called fine pearlite, lamellar 
pearlite and spheroidized pearlite. In practice it is necessary to distinguish 
more frequently between the products of slow and fast cooling relative to the 

stenite critical cooling rate than to make the finer distinctions between the sub-members 
trons of each class. This need is a very practical one because of the usual great dif- 
ortant ierence in physical properties of the members. Also it simplifies the presenta 
rossed tion of ferrous metallography to students, a matter of importance in our educa- 
tional activities. 
that | The generic term to use for the products of slow cooling it seems to me is 
“nearlite.” Its classical derivation is interesting but not of controlling impor- 
“dl th tance in determining its usage. Use of pearlite in this sense avoids the need 
O add jor a new term and is close to present practice. For finer distinctions we have 
ig the modifying adjectives such as fine, lamellar and spheroidized. The situation is 
quite different with regard to the products of fast cooling, the members of the 
inner sub-classes being produced by the tempering of martensite so that martensite 
raphy serves very well as a generic term. 
* text Summarizing these comments, the present looseness of the terminology of 
shall ferrous metallography can be overcome by sharply distinguishing the significant 
| best microconstituents one from the other with the microscope fortified by appro 
priate physical tests. Also this nomenclature can be simplified to great ad- 
ching, vantage by adoption of a generic term for the products of slow cooling. 
1eless Written Discussion: By Colonel N. T. Belaiew, Paris, France. 
nthe Mr. Bain and his collaborators are to be congratulated on the excellent 
it. | paper they have presented on the naming of the constituents of steel; on the 
h has very interesting review of the present position of the question and on their 
1 new suggestions, as to the reconsidering of the whole problem of our nomenclature. 
ithors Some of their suggestions, accompanied as they are by most excellent photo- 
-ather micrographs appeal even to one who has taken part in the New York Congress 
of 1912, and, subsequently, in the work of the Committee on Nomenclature, 
gates under the chairmanship of the late and ever lamented Professor Henry Marion 
| con- Howe 





























































































































































































































TRANSACTIONS OF THE A. S. M., 





The authors propose in the first instance that the word “pearli 
apply to all lamellar structures such as are designed now by th 
“lamellar pearlite” and “nodular” troostite, considering that pearlite js 
aggregate resulting from a direct transformation of austenite at ten 
usually above about 500 degrees Cent. (refer to page 239). In the 
their paper the authors, and Mr. Bain in his previous papers, hay: 
to subdivisional terms like “fine,” “medium” and “coarse” pearlite, 
these as well as nodular troostite are to be covered by one appellatio: 
All the above mentioned terms are usually used in a quantitative and 
a qualitative sense. It seems to us that if they were defined qualitativel 
deal of confusion would be avoided, and, moreover, some ground 


might bh 
found to judge whether there is, or there is not a demarcation line between 


the microscopical constituents known up to now as pearlite and troostite, and as 
such having become familiar to the practical microscopical engineer 

In 1922, in a paper to the Iron and Steel Institute on the “Inner Structyy 
of the Pearlite Grain” we have introduced the notion of “Delta Zero,” as th 
spacing between the carbide lamellae in pearlite. A suggestion was put for 
ward that this factor is a constant in a given volume of pearlite, and therefor 
can be considered as a characteristic of both pearlite as a microscopical constit 
uent and, also, of the heat treatment of steel. These views have been subse 
quently developed in a series of papers, where various aspects of the questioy 
were treated and the methods of computing the Ao given. To check thes 
views special researches were carried out in England, France, Poland and 
Czechoslovakia, and especially in the United States, by O. V. Greene. 

Examining pearlitic structures produced by usual velocities of cooling, we 
found that the spacing Ao was pretty constant, being a function of the tempera 
ture of transformation Ar; and of the velocity of transformation. In specimens 
cooled in air the limits were between 270—280 wu (milli-microns) and fron 
300 to 360 for those cooled in sand; these last named figures are the most 
usual and those met with in the daily laboratory practice. Mr. O. V. Greene 
examined rails of eutectoid composition and found Ao from 266 to 376uu 
Their respective Brinell Hardness numbers were from 302 to 215, giving 
formula: H xk Ao 79.59, where H is the hardness and Ay the spacing 
(the interlamellar distance ). 

In his Campbell Lecture Mr. Bain has described pearlitic structures o! 
210, 265 and 315 Brinell; these would correspond to Ao of 379, 300 and 253un. 
As Mr. Bain calls the first “coarse” and the last “medium,” we can say, that, 
“microscopically,” his coarse pearlite is just a little above the medium limits 
for sand cooling, and his medium pearlite will be one characterized by spacings 
from 253 to 300uu. As these figures correspond well with those of Greene and 
those we have examined for a considerable period of time, we may put forward 
the suggestion, that instead of qualitative designations like coarse and fine, 
pearlites be classified according to their interlamellar distances Ao. As stated 
in our papers, these spacings can be perfectly computed from photomicrographs 


at a magnification of 1000 to 2000, provided the N. A. of the lens is sufficient, 


ie., of the usual value of 1.32. Such lenses are now included in the equipment 
of most of the research and even work-laboratories. That the method does 
not present any difficulties is best shown by the above mentioned work 0! 
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Greene, which was accomplished at a works laboratory, as a part ot 
“tine examination, 
rom the material at hand, our impression is to include in the class ot 
lium” pearlites those with spacings around 300 to 350 Ay, i.e, to go a little 
her than in the samples of Mr. Bain. As to the “fine” pearlite, he mentions 
uctures with 45 Rockwell C, and, in another place, with a Brinell hardness ot 


:4(): this last figure would correspond to a spacing of 234 and its a little below 


the value of 250uu. Examining structures with such spacings we have noticed, 


that observation was also confirmed by Mr. Greene, that lamellar pearlite 


omes irregular and the mechanical properties begin to show a sudden change 


In a paper presented in 1925 to the Royal Society on the Inner Crystalline 


Structure of Ferrite and Cementite we have shown that the microscopic analysis 
ferrite reveals the existence of small isolated “cubes,” with an edge of about 


2SQuu. Similar cubes were observed in martensite by Lucas. In this and in follow 


ing papers to the Iron and Steel Institute (1931; on Nodular Troostite) and in 
the Revue de Meiallurgie (1935; on the Genesis of Pearlite) the nature of this 
“secondary” structure was examined and related to that of the spacings (Ao) 
in pearlite. It seems, that for all spacings exceeding that of the edge of the 
“little cubes” (250uu), the designation PEARLITE can safely be applied, as 
composition and mechanical properties vary but slightly and are function of 
the Ao. As soon as we step outside the mentioned limits, properties begin to 
change rather abruptly, and we arrive at a product with a set of different 
mechanical properties, notwithstanding the fact, that under microscopical ex 
amination it remains a lamellar structure. 

In our paper on “Nodular Troostite”’ (1932, Journal, Iron and Steel In 
stitute, No. II, f. 1931, pp. 195-214), examining various structures of this type 
ind, among them, a beautiful photomicrograph sent us by F. F. Lucas, we 
irrived at the conclusion that the spacing in Nodular Troostite is about 100uu. 
(hus troostitic structures not only prove to be lamellar, like pearlite, but also, 
like pearlite, can be defined quantitatively. The hardness of troosite, in the 
vicinity of 450 Brinell is considerably higher than that of pearlite, which latter 
varies from about 200 to 300. On the other hand, the hardness of troostite is 
considerably lower than it would be if it complied with Greene’s formula. This 
fact, as well as its formation at the critical point Ar’ put troostite in a class 
by itself and explains the popularity of its name in work practice. 

In the same paper we have mentioned that lamellar structures intermediate 
in hardness and in spacings correspond to sorbites. These are more closely 
associated with pearlites, than troostite, but a clear demarcation line between 
pearlite and sorbite is supplied by the fact, that sorbitic structures do not com- 
ply, in common with troostite, with Greene’s formula, this latter being applic 
ible only to true pearlites. 

Thus, pearlite, sorbite and troostite have in common their origin, at 
velocities of cooling not exceeding the critical one; and, resulting from this, 
a lamellar structure of a various degree of fineness. Nevertheless, all three 
possess distinct and different characteristics. Pearlite is a eutectoid of a mean 
carbon content of 0.9 per cent carbon; its temperature of occurrence is the 
eutectoid temperature Ar,; its spacing under usual conditions of cooling is 
$00 to 350uu; its hardness varies between 200 to 300 Brinell, in accordance 
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with Greene’s rule. Troostite is a lamellar structure of a varying ca 


con 
tent, of a spacing of about 100uu and with a hardness of about 450: it ; rmed 
at the Ar’ point (Portevin and Garvin). Sorbite is a lamellar structy inter- 
mediate in spacing and hardness between pearlite and troostite, but p. ssine 
a set of properties which made heat treatments resulting in its appearanc 


widely used in work-practice and make the retention of its name desirabk 

Prof. C. Y. Clayton, in his letter to Mertat ProGress (1934. No 3 
p. 43) on Sorbite suggests for these constituents the designation “primary” 
Mr. Bain (p. 251) also considers them as being happily chosen, “if it were not? 
adds he, “for the tacit assumption that there was something discontinuous jy 
the lamellar series.” The purpose of my papers and of that communication jx 
to show that there is some ground to admit such discontinuity. Then, the ob 
jection for the retention of the names would be overcome. Thus, it seems to ys 
that Prof. Clayton’s suggestion could be adopted, and the three constituents 
put into one “Lamellar” group, under the designation of primary pearlite. 
sorbite and troostite. 

It seems, however, to us, that a way can be found to avoid the use of two 
names, and to continue to call the “cooling” constituents, pearlite, sorbite and 
troostite. This could be done by an extension of the name “Osmondite” t 
“temper” troostite and sorbite. Such extension had been discussed at the tinx 
of the introduction of the term of Osmondite by Heyn, but had to be dropped 
in view of Osmond’s reluctance to see the name of his teacher Troost super- 
ceded by his own. It seems to us that Osmond’s wishes would be complied 
with by the retention of the designation Troostite, for the nodular troostite, 
and, in spirit, his intentions would be respected. On the other hand, the diffi 
culties mentioned by the present authors and by those who previously took 
part in the discussions in Metat ProGress would also be met with. The 
lamellar series, arising at cooling, will form a series by themselves, and 
those, resulting from the decomposition of martensite would bear the name 
of the founder of the modern metallographic methods, Floris Osmond. 

The atithors also object to the use of the name GLoBuLAR PEakr itr, 
their objection being that once globular pearlite ceases to be an iridescent 
component, and eo ipso to be pearlite. We do not think that the objection is 
so serious as to necessitate the departure from a well established name in prac- 
tice. The main characteristic of pearlite is its being a eutectoid, i. e., a 
mechanical aggregate of ferrite and cementite of a medium eutectoid carbon 
content; its lamellar structure on cooling is a very important, but secondary 
property, as the number of eutectics and eutectoids of lamellar composition 
is very small indeed. Therefore, we would suggest the retention of that 
name also. 

To sum up, we should welcome the materialization of the authors’ sug- 
gestions for the better definition and classification of the constituents at cooling 
and on tempering, but should like to see this end achieved with a minimum 
departure from the views of the fathers of the present day nomenclature Os- 
mond and Howe, and also, from the present day practice, which in the main 
is following them. This could be arrived at, by continuing the use of the 
names pearlite, sorbite and troostite—in the “cooling” (lamellar) series, and 
by the extension of the designation OsMONDITE to cover the temper structures. 
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Oral Discussion 


Howarp Scott’: Figs. 23 and 24 are a very material contribution to our 

wledge of mechanical properties of hardened steel. Presumably the steel 

tested * a plain carbon steel. A statement of its carbon content would be use 

Apparently it is too low in ductility for a carbon steel which suggests 

that perhaps the advantages to be gained by alloys may be associated, at least, 
in part, with this spheroidal condition. 

QO. V. Greene’: It is to be regretted that the authors do not refer to the 
work of Col. N. T. Belaiew in the discussion on pearlite. Col, Belaiew’s work, 
as reported in texts and to the British lron and Steel Institute, helps to clarify 
the qualitative terminology used for describing pearlite. In his work, the fine 
ness or coarseness of the true pearlite grain, i.e, the distance between the 
lamellae on a normal plane, is reported in microns. This method affords a 
quantitative measurement for lamellar pearlite. The nature of troostite and 
sorbite as recorded by the authors here has also been described by Belatew. 

Lours ZirrrRtn*: Mr. Vilella mentions the name ledeburite. This con 
stituent, I believe, should be confined to the cast iron series, as it is the eutectic 
containing 4.3 per cent carbon at 1130 degrees Cent. 

Pearlite and its decomposition products as given by Arnold show: 

Ist stage. Sorbitic pearlite with emulsified FesC with a strength of 
140,000 pounds per square inch maximum and 10 per cent elongation. 

2nd stage. Normal pearlite with some segregated lesC, having a tensile 
streneth of 110,000 pounds per square inch and elongation of 15 per cent. 

3rd stage. Laminated pearlite with completely segregated Ie;C (normal 
pearlite), having a tensile strength of 70,000 pounds per square inch maximum, 
with 5 per cent elongation in 2 inches. 

4th stage. Laminated pearlite passing into massive FesC and ferrite, hav 
ing a tensile strength of 60,000 pounds per square inch. 

Here we see pearlite passing from a stage showing structural fineness, or the 
Ist stage, to a structure showing a decided deterioration of quality, or the 4th 
stage, where the structural components break up into larger and larger masses of 
FesC and ferrite. 

Pearlite, aside from being recognized by its pearly appearance, is of a 
definite eutectoid ratio containing 87.25 per cent ferrite and 12.75 per cent 
cementite. Sorbitic steels do not necessarily on heating distribute their cementite 
into pearlitic patches of a definite eutectoid ratio plus free ferrite or free 
cementite depending on whether the steel is hypoeutectoid or hypereutectoid. In- 
stead, the cementite is distributed more uniformly among all the ferrite present. 

On naming the aggregate constituents as suggested by Messrs. Vilella, 
Guellich and Bain, much importance should be placed upon the different stages 
of pearlite and the corresponding changes in its mechanical properties. 

The authors should be commended for what we hope may be a start toward 
a probable revision in naming the aggregate constituents in steel, and it is 
hoped that more work will be done on this subject. 

Westinghouse Research Laboratories, E. Pittsburgh, Pa 


lhe Carpenter Steel Company, Reading, Pa. 


Metallurgist, Testing and Research Laboratories, Deere & Company, Moline, III 



























































































































































TRANSACTIONS OF THE A. S. M. 
Authors’ Closure 


It is always a satisfying ciretmstance to find that one’s views. 


i 


after years of thought and criticism, are concurred in by others: 


V\ 


confirmation is offered by Dr. Hoyt it is an enhanced satisfaction 


\ not 
with especial interest the suggestion that due consideration be given the yiey 
of metallographists in other countries. This remark is timely since alrea 
new names have been employed for some of the structures in Germa; W, 


venture to guess that there will exist everywhere the same conservatism and 
reluctance toward a change of names, particularly on the part of those auth 
ities on the subject whose greatest familarity is with the steels which develo 
only constituents about which no inconsistency is encountered. 


on will 
illustrate the point that for some fields of steel metallography, the presen 


scheme of naming constituents is utterly unsatisfactory. They propose a suit 


The clear and concise remarks of Messrs. McCarthy and Came: 


able modification to remove all ambiguity in respect to their particular field o| 
interest, and we would concur entirely with it in its broadest implications, Thy 
fact that the manufacturers of steel wire products have faced the problem and 
found its solution should lend weight to the case against the present ambiguous 
system of nomenclature. 

We find ourselves in sympathy with the views of Howard Scott, who 
would welcome a sharper distinction between constituents having different 
names. No one surely can disagree very seriously with his concept of pearlit 
if only the word “spheroidized” is not carelessly omitted when it should bx 
employed. (The physical properties are quite different for lamellar and spheroi 
dized structures even of the same hardness). Our thought is that when the 
distinction between constituents becomes too difficult to find, then the diagnosis 
is definite, i.e., too many names. Again we propose dropping one of the names 
applied to tempered martensite. 

It is a great pleasure to have a communicated discussion from Colonel! 
Belaiew, who has for many years been an outstanding authority on the struc 
ture pearlite. His careful studies of inter-lamellar spacing has been of great 
importance in understanding this constituent, and O. V. Greene has employed 
his methods to good purpose in this country. For a quantitative classification 
of pearlite, nothing could serve better than the inter-lamellar spacing and w« 
would heartily concur with Colonel Belaiew’s proposals. We debated whether 
or not to include a discussion of the Ao concept, and only the thought of con 
serving space led us into what now is shown to be a serious omission. 

We are, however, unable to recognize a really important and fundamental 
discontinuity in the lamellar structures which should warrant a special name, 
or special names for the finer ones. To be sure, the fine lamellar structures 
are less regular than the coarser ones, but this is a progressive change and it 
has long been known that Ar’ is not a temperature relating to equilibrium, but 
merely a function of cooling rate. 

It is no criticism of the work of O. V. Greene, which the authors hold in 
high esteem and to which they have frequently referred, to say that there is no 
reason a priori why a certain linear relation should exist between lamella 
spacing and physical properties. Only measurement alone can_ establish 
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the relationship for any steel, and it is purely fortuitous that over a wide range 
of spacings a simple mathematical relationship expresses well enough the 
aumbers actually found by measurement of spacing and properties. A departure 
from the approximate rule is more or less to be expected. 

lf one regard the variation of the composition of pearlite for any par 
ticular steel one will find that it widens as the cooling rate increases and as 
the actual temperature of formation falls and as the lamellar spacing decreases. 
If at some particular point in these series the name is suddenly changed to 
-orbite, the limits of composition will still be the same. All these features are 
quite gradually changed as the temperature of formation decreases. This was 
particularly evident in the work which was in part published by Davenport 
and Bain, A.I.M.E. Technical Paper No. 348, “Transformation of Austenite at 
Constant Subcritical Temperatures.” Nevertheless, a very attractive possi 
bility for a unanimity of opinion on names lies in the suggestion of Clayton 
that the word “Primary” set off the lamellar series from the tempered marten 
sites, as pointed out by Colonel Belaiew. It would be fitting to hear the name 
of Osmond, as well as others of the pioneers, more frequently spoken in re 
ferring to the constituents, if only too great change is not thereby involved. 

As Mr. Ziffrin points out, ledeburite is not exactly pertinent to the pres 
ent discussion since it is a cast iron constituent and occurs in steels so rarely, 
mainly in certain high carbon, high chromium die steels, and in high speed 
steel. We are not quite certain as to the inference to be drawn from the 
reference to Arnold. Certainly it is not accurate to consider any individual 
specimen of sorbitic pearlite as passing to a more coarsely laminated pearlite. 
\t any temperature (short of the re-establishment of austenite) the only 
change which a “sorbitic-pearlite” can undergo, is spheroidization. Any one 
may easily satisfy himself on this point by heating such a finely lamellar pearl- 
ite, as we believe is meant, and observing the changes. A coarse lamellar 
structure is always so formed directly from austenite,—never to our knowledge 
from anything else. In this connection it is strange that the investigators who 
taught that lamellar pearlite formed from martensite through the series mar- 
tensite-troostite-sorbite-pearlite did not try heating martensite to the appro 
priate temperature, and then report just what really resulted. The interest in, 
and the appraisal of, the problem, as expressed by Mr. Ziffrin, is appreciated 
and lends weight to the trend toward a better system of nomenclature. 

With reference to the data on Figs. 23 and 24, it should be mentioned that 
these specimens employed were sub-standard, ™% inch diameter by 2 inch gage 
length, and that the composition of the steel was as follows: 

Carbon 0.84 per cent, manganese 0.23 per cent, silicon 0.205 per cent, sulphur 
0.011 per cent, phosphorus 0.020 per cent, chromium 0.11 per cent. 


In conclusion, we would like to re-state our main contention with respect 
to the lamellar series in the language employed by Dr. Hoyt, “Those con- 
stituents which form from austenite on cooling, to produce aggregates of fer 


rite and cementite, are generically and genitically the same, and should be given 
the same name.” The same reasoning applied likewise to the constituents 


tormed from martensite upon heating completes a logical path toward sim 
plicity in names. 





























ENDURANCE OF CASE HARDENED GEARS 
By O. W. McMuULLAN 
Abstract 


This paper describes the results of dynamomet 
breakdown tests of rear axle drive gears and pinion 
Tests on oil hardened and several case hardened steel 
are given. Comparison of results are made with physical 
properties obtained on laboratory test specimens. The con 
ditions of service make it necessary for the pinion to r 
sist softening due to high operating temperatures at toot) 
contacts under conditions of partial lubrication while the 
gear is better cooled and lubricated and requires a strong 
steel with good wear resistance at lower temperatures, 
Wear was found to be excessive on medium carbon, oil 
hardened steel. S.A.E. 4615 directly quenched gave good 
results in pinions, and double treated Krupp and S.A.E. 
4820 in gears gave the best results among those steels 
tested, 





PROPERTIES DERIVED FROM LABORATORY TESTS 





PAPER presented by the writer at the last convention of the 
Society’ contained data on the physical properties of several 
analyses of case hardened steel of different grain sizes, case depths 
and heat treatments. The conclusions arrived at were that, with th: 
exception of fine-grained S.A.E. 4615, steels case hardened by direct 
quenching decreased in load-carrying capacity with increase of case 
depth. The decrease in strength was more noticeable with higher 






alloy contents. When cooled in compound and single treated, this 
tendency was reversed with the lower alloy contents and lessene« 
with the higher. The strength of all double treated samples increased 
with increase of case depth. Highest load-carrying capacities were 
obtained with the higher alloy steels such as S.A.E. 2512, 4820 and 
Krupp and the uncased oil hardening steels were comparable in value 
to those steels both for load-carrying and shock resistance. 























10. W. MeMulian, “Physical Properties of Case Hardened Steels,’ TRANSACTIONS, 
American Society for Metals, Vol. 23, June 1935, p. 319. 











A paper presented before the Seventeenth Annual Convention of the Society, 
held in Chicago, September 30 to October 4, 1935. The author, O. W. Mc 
Mullan, is a member of the Society and is metallurgist with the International 
Nickel Co., Bayonne, New Jersey. Manuscript received May 1, 1935. 


262 


of the 
everal 
lepths 
th the 
direct 
f case 
higher 
1, this 
sened 
reased| 
were 
O and 
value 


.CTIONS, 


ociety, 
. Me 


ational 


ENDURANCE OF CASE HARDENED GEARS 263 


Che results obtained from those laboratory experiments, taken 
hy themselves, would point to the conclusion that for many steels and 


treatments shallow cases would give a better combination of physical 


properties than deep cases, and if double treated the higher alloy 


case hardened steels and the oil hardened steels would give the best 
ervice. There are, however, other factors which enter into the life 
of case hardened parts in practical applications which show such a 


conclusion would be wrong for certain types of service. 


DESCRIPTION OF DYNAMOMETER TESTS 


To approach closely service conditions, dynamometer tests were 
made on a number of steels with various heat treatments. They were 
made into automotive rear axle spiral bevel drive gears and pinions 
and tested to destruction with inspection at regular intervals. The 
tooth load applied was equal to 60 per cent above full motor torque at 
low speed of the truck motor for which the gears were designed. 
(his was 6400 foot-pounds which gave a calculated stress of 52,500 
pounds per square inch in tension at the root of the tooth. The lu- 
bricant used was in quantity equal to that of a similar rear axle for 
production and contained an E.P. addition. Housings were water 
cooled to keep the maximum oil temperature around 200 degrees 
ahr. Surface temperatures at tooth contacts were unknown but 
became sufficiently high in many cases to discolor the steel. The 
pinion speed was 350 revolutions per minute and the gear ratio 6% 
to 1. Table 1 shows the average of three sets on cach of the steels 
and treatments listed. 


Types OF FAILURES 


Three typical sets were photographed to illustrate types of fail- 
ure. Figs, 1 and 2 are of a pinion and ring gear made from S.A.E, 
1340 not case hardened. The parts were heated in a furnace at 1525 
degrees Fahr. (830 degrees Cent.) quenched in oil and drawn at 
100 degrees Fahr. (205 degrees Cent.). The average life of 67,300 
cycles obtained was reasonably good before final failure but it will 
be noticed that considerable wear occurred. Wear to the extent 
shown would destroy accuracy of bearing contact, increase backlash, 
and cause gears to be noisy. Heating up in operation at the point 
of tooth contact probably did not enter into the failure since the 

























































































































































































































































































Ring Gear 
Steel and 
Treatment 
S.A.E. 4340 
Not cased. 
1525° F. Oil. 


400° F. Draw. 


S.A.E. 4340 
Carburized. 
1525° F. Oil. 


400° F. Draw. 


S.A.E. 4340 
Carburized. 
1525° F. Oil. 


600° F. Draw. 


S.A. E. 4340 
Carburized. 
1525° F. Oil. 


800° F. Draw. 


S.A.E, 4340 
Not cased. 
1525° F. Oil. 


400° F. Draw. 


Krupp 

Cool in pot. 
1550° F. Oil. 
1400° F, Oil. 


300° F, Draw. 


Krupp 

Cool in pot. 
1550° F. Oil. 
1400° F. Oil. 


300° F, Draw. 


S.A.E, 4820 
Cool in pot. 

1550° F. Oil. 
1400° F. Oil. 


350° F. Draw. 


S.A.E. 4820 
Cool in pot. 

1550° F. Oil. 
1400° F. Oil. 


350° F. Draw. 


S.A.E. 4615 
Cool in pot. 
1525° F. Oil. 


350° F. Draw. 


Note 


Except 


Pinion 
Steel and 
Treatment 


Same. 


1525° F. Oil. 


400° F. Draw. 


S.A.E. 4340 


Pot quench. 
400° F. Draw. 
Same. 

Pot quench. 
600° F. Draw. 
Same. 

Pot quench. 
800° F. Draw. 
S.A.E. 4615 


Pot quench. 
Krupp 


Pot quench. 
1400° F. Oil, 


300° F, Draw. 


S.A.E. 4615 


Pot quench. 


S.A.E. 2315 


Pot quench, 


S.A.E. 4615 


Pot quench. 


S.A.E. 4615 


Pot quench, 


where 
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ot 
Cycles 
67,300 


35,700 


37,600 


52,700 


81,000 


43,700 


108,500 


65,300 


136,000 


50,600 


mentioned all the 
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Remarks 
Failure by teeth breaking out of gears, RB 
pinions and gears show much wear. 


Gears failed by teeth breaking out witho,: 
much wear. Pinions show some wear and 
pitting of root at heel of teeth. 


teeth 
some 


Many 
show 
heel. 


broken out of the gears 


leet! 
wear. Pinions 


pitted at root of 


Many teeth broken out of the gears 
wear, 


th C Not muc] 
Pinions badly pitted and scuffed 


One or more teeth broken out of gears. Not 
much wear on either gears or pinions. 


One to three teeth out of 


Pinions 
badly scuffed and pitted. 


gears 


Two teeth out of the gears but they do not 
show much wear. Pinions not worn much but 
show some pitting at root. 


Teeth worn and four broken out of one gear: 
others not broken but show some wear. Pinions 
pitted at root of heel. Final failure on tw 
of the three tests was in the differential and 
the average number of cycles probably should 
be higher. 

One to three teeth broken out of gears. 
show some wear. 
root of the heel. 


Gears 
Pinion teeth pitted at the 


other teeth cracked 
Pinions show some wear 


One tooth out 
Not much 
and pitting. 


of gears; 
wear. 





above pinions were not drawn on the teet! 


except due to heat creeping up from the stems when the latter were drawn at 1250 degrees 


Fahr. in lead. 






hardness would be httle affected. 


after treatment. 

Figs. 3 and 4 are taken from a double treated Krupp pinion 
and ring gear. After treatment these parts had a scleroscope hard- 
ness of 90-95 and the expected martensitic structure in the case 


with some excess carbide present. 
enough decarburization to form a skin which could be filed. The 


None of the parts were file hard 


The heat treatment produced 
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life of 43,700 cycles obtained was low. Failure was due 


average 
to the pinion becoming badly pitted and worn. As a result of this 


wear the tooth contact changed toward the top of the gear teeth 
thus increasing the stress at the root of the teeth and finally result- 
ing in cracking and breaking out of gear teeth. During operation 

the ring gear rotates through the oil and consequently is kept cool 

but the pinion operates under partial lubrication. Under heavy loads, 

surface temperatures become high enough to discolor and temper 

the case so that it becomes soft. The structure of the double treated 

Krupp pinion was susceptible to considerable softening under these 

conditions and early failure occurred. 

Figs. 5 and 6 are of an S.A.E. 4615 pot-quenched pinion run 
with a double treated Krupp gear of identical treatment to that in 
lie, 4. The average life of three sets was 108,500 cycles. Failure 
in these sets was due to fatigue and breaking out of ring gear teeth. 
Neither the pinion nor the gear showed much wear. The partially 
austenitic structure in the case of the direct quenched $.A.E. 4615 
pinion was more resistant to the tempering action arising from slid- 
ing tooth contact under pressure in operation. The ring gear rather 
than the pinion teeth broke out in fatigue since the latter were de- 
signed with a heavier section, 

Other failures listed in the table can be described as coming 
mostly within one or more of the above three types of failure. When 
S.A.E. 4340 was case hardened and drawn at 400 degrees Fahr. (205 
degrees Cent.), the teeth of the gears were brittle and early failure 
occurred by teeth breaking out before showing much wear. Draw- 
ing at 600 degrees Fahr. (315 degrees Cent.) did not improve the 
condition much, Drawing at 800 degrees Fahr. (425 degrees Cent. ) 
increased the life considerably but the pinions were soft enough to 
wear and scuff badly. The combination of a heat treated gear of 
5.A.E. 4340 and a pot-quenched pinion of 4615 gave a good life of 
81,000 cycles since the gear had the necessary tooth strength and the 
pinion remained practically file hard at the operating temperature. 

When S.A.E. 4615 was used in both the gears and pinions the 
life was fair but under the high tooth loads used, failure occurred 
from cracking and breaking out of ring gear teeth. Heating in op- 
eration apparently does not influence the life of the gear, the tooth 
strength only being the deciding factor as long as the pinion stands 
up. The life of the 4615 gears was not as great as those made from 
the stronger higher alloy steels. The combination of S.A.E. 4820 
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double treated gears and pot-quenched 2315 pinions was fai 


YOO 


but failure occurred in the pinions since the structure was not a 
resistant to operating temperatures as 4615. Gears made from louble 
treated S.A.E. 4820 and pot-quenched 4615 pinions gave the peg 


results, the average life being 136,000 cycles. The laborator, load 
carrying tests showed the double treated 4820 to have the highest 
strength. This combination therefore gave the desired high strength 
in the gear teeth and the resistance to tempering and softening 
the pinion. 


OT 


Other factors outside of the gears and pinions, such as carrier 
and housing deflection, undoubtedly had an influence on the result 
but these outside factors would tend to be balanced in the average 
of a number of tests. Case depth is another important factor in the 
life of case hardened gears. However, when deeper than a certain 
minimum it appears to have but little influence when maintained 
within rather wide limits. The minimum for the parts tested ap- 
peared to be around 0.040 inch of well hardened case. 


CoNCLUSION 


The dynamometer breakdown tests of rear axle ring gear and 
pinion sets were made in conjunction with laboratory tests described 
in a previous paper by the author. It was found that some of the 
higher alloy gear steels when carburized and double treated had the 
highest load carrying capacities. Those results have been confirmed 
in the endurance tests, but it also was found that other factors than 
strength and hardness as treated may greatly influence the life. The 
operation of a ring gear and pinion is such that the gear is constantly 
running in oil and hence is well lubricated and cooled. The pinion 
is not so well lubricated and cooled and its greater number of contacts 
produce momentary high surface temperatures which cause temper- 
ing and softening thus increasing wear, changing of bearing contacts, 
and lessening fatigue resistance. 

Uncased oil-hardened steels such as S.A.E. 4340 have good tooth 
strength for the gear but do not have the wear resistance necessary 
for long pinion life. Double treated Krupp steel has excellent 
strength but is softened at low temperatures and life is short due to 
pinion failure. Pot-quenched 4615 apparently has sufficient austenite 
in the case to maintain file hardness at high operating temperatures 
and proved to be much better for pinions than stronger steels such 
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.s Krupp. The combination of pinions of pot-quenched 4615 and 


sears of Krupp or 4820 double treated gave long life because of the 
necessary resistance to softening and wear and of strength where 
each was needed. The parts were so designed that the pinions of the 
weaker steel had sufficient strength when softening of the case did 
not occur. 

It is possible that better results might have been obtained with 
some of the steels had different treatments been given them to make 
them more suitable for pinion service. The results indicate that to 
obtain maximum life, steels must be selected and heat treated ac- 
cording to the service they must perform when highly stressed. 


DISCUSSION 


Written Discussion: By C. F. Smart, metallurgist, Pontiac Motor 
Co., Pontiac, Mich. 

It has been instructive, indeed, to study this excellent paper. Our own 
test results on differential ring gears and pinions agree, in general, with those 
of the author. We find a definite practical differeace shown by life tests of 
eears made from the various steels and heat treating methods generally used 
for these parts. A careful comparison of heat treating practices for carburized 
vears has indicated clearly that direct pot quenching of both ring gears and 
pinions gave considerable improvement over cooling in the carburizing pots, 
followed by reheating and quenching. Softness of tooth surfaces, whether the 
result of decarburization through slow cooling in the carburizing: pots or by 
tempering after hardening, decreased gear life. Accordingly, in our practice, 
direct pot quenching with no subsequent tempering operation was adopted for 
both ring gears and pinions with highly gratifying results. 

We agree with the author that the case depth for maximum life must not 
fall below approximately 0.040 inch. Tests run for determining the effect of 
case depth showed beyond doubt that tooth failures occurred earlier with a thin 
case. The reason for this has been ably pointed out by Almen and Boegehold 
in their paper, “Rear Axle Gears, Factors Which Influence Their Life,” re- 
cently presented before the American Society for Testing Materials. 

Every example of differential ring gear or pinion tooth failure which has 
ever come toour attention indicated clearly by the nature of the fracture that 
failure was by fatigue, never by impact. Assuming proper tooth contact in the 
original gear setting, and assuming adequate rigidity of the supporting mem- 
bers, then the relative gear life for a given design and intensity of loading is 
dependent upon (1) the inherent strength of the gear tooth, both case and core; 
and (2) the resistance to change of tooth contact by wear, scoring or pitting. 
Proper tooth contact is vital to good gear life, and undoubtedly many tooth 
failures, noisy gears and scored gears have been due to laxness in this regard. 
For these reasons, those elements of gear steels and gear practice which affect 
machining, distortion in heat treatment, case depth and hardness, and core 
structure and strength, must all be given due consideration. We have dif- 
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June 193 
fered from the author’s practice in regard to preferred grain-size e a whic 
steel, our preference being for a medium grain rather than a fine-grained stee! reved 
This is because the fine-grained steels require considerably highe: nealin t 
temperature to produce a structure satisfactory for machining, and becays | 
we feel that the medium grained steels respond better in carburizing ind hard e | 
ening treatments. teeth 

It is our belief, based on carefully conducted comparative tests, that ther, volut 
is considerable difference in the life of gears made from some of the common) prop 
used alloy carburizing steels. The following tabulation is offered in evidence, wise 
of this statement: 

a: 7 Hours 4-Square Life vctit 
Steel No. of Tests Minimum Maximum Average 
3115-A 6 215.5 1134* 5744 enou 
2315-A 12 66.58 812.5 341.98 
4615-A 9 50.5 283.5 168 geal 
*No failures on this set. hritt 

These tests were run on 4-Square equipment, under closely observed set. the 
up for proper tooth contact, on gear sets of the same design, run with identical 
conditions of loading, lubrication, etc. Material conditions—All were 4 to ¢ Cass 
McQuaid-Ehn grain-size, five point carbon ranges, carburized and pot ” 
quenched, 0.040 to 0.050 case depth, file hard tooth surfaces, and Rockwell and 
(33) C minimum core hardness in center of tooth. — 

Axle shaft speed 4366 revolutions per minute. Propeller shaft speed 1940 ae 
revolutions per minute. Load—219.3 foot-pounds torque in propeller shaft — 
Direction of load changed each 2 hours. . Direction of rotation reversed eac! side 
half hour. Cycles covered by test—Ring gear 1,322,898 to 29,706,204; Pin a 
ions—5,880,018 to 132,038,424. 

The hardened case of the 3115 steel appears to offer greater resistance t aee 
wear and pitting than either of the other steels tested, and the improvement in CC 
fatigue life is believed to be due to this factor. It is probable that running tests ~ 
at maximum torque loads for fewer cycles fail to bring out this factor as well = 
as lesser Joads more nearly representative of average service. we 

Mr. McMullan’s data on S.A.E. 4340 steel not carburized is interesting "7 
While we have no data on ring gears and pinions made from steels of this type, * 
we are reminded of work done a number of years ago on 0.50 per cent carbon, * 
chromium steel gears for transmissions. Heat treating practice on these was 
to harden by oil quenching from 1500 to 1525 degrees Fahr. followed by —" 
tempering at 425 degrees Fahr. Comparative tests in transmissions absorb ” 
ing full torque through second speed gears showed that gears which were hard " 
ened from a cyanide bath, with about 0.005 inch penetration of cyanide case, r 
ran at least ten times longer before pitting of tooth surfaces occurred than in 
the case of open furnace hardened gears. Such results again emphasize the im- pe 
portance of the surface layer in gear tooth life. 3 

I take this opportunity to assure the author of our appreciation of this and ry 
other work which he has presented. fi 

Written Discussion: By E. F. Davis, metallurgist, Warner Gear Co. FE 
Muncie, Indiana. 

The writer wishes to compliment Mr. McMullan on this excellent treatise D 
and considers it a very valuable contribution to gear metallurgy. lo 


In endurance runs of gears, failure generally ensues from fatigue cracks 
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which usually originate at the base of the teeth. Generally a deep etch will 
reveal most of the teeth have fatigue cracks of varying depths but which have 
ot progressed as far as those which have actually failed. 

Wear almost invariably occurs first. Unless the metal is actually defective 
‘he tooth surfaces show considerable erosion near the pitch line before any 
teeth break. Fatiguing always seems to follow the destruction of the true in- 
volute pathway of the rolling gears and the life on the dynamometer run is in 


proportion to the maintenance of correct tooth form. Mechanical errors like- 
I 


wise affect the endurance of a dynamometer run. 

Assuming the mechanical errors are at a minimum and nearly true rolling 
‘ction is maintained then the only factor is the preservation of surfaces hard 
enough to maintain the true involute. The excellent service of direct cyanided 
sears when steels are used having cores testing over 400 Brinell and therefore 
brittle indicates the importance of presenting the hardest possible surface on 
the gear teeth. 

[he operation of carburizing is the synthetic production of a tool steel 
case of varying carbon content ranging from 1.35 per cent carbon down to ap- 
proximately 0.50 per cent carbon, being highest of course on the outer layers 
and gradient. In this carburized case are liable to be outer layers extremely 
brittle with a tendency to spall or crack and with different physical properties 
and response to heat treatment through the carburized area. The extreme outer 
layers of certain alloy steels carburized and hardened are liable to contain con- 
siderable austenite. The writer has observed ring gears which scored very 
quickly due to an austenitic skin. 

Another phenomenon which sometimes occurs when gears are carburized 
deeply is the exhaustion of the carburizing gases and an unbalanced C, CO and 
CO. reaction toward the end of the operation whereby the carburizing gases 
react with the carbon deposited in the steel and this decarburized surface ulti- 
mately reduces the wearing qualities. This could likewise occur when light 
case work is carburized if the carburizer were weak or the sealing of the box 
improperly done, but the hazards are always greater when the carburizing time 
is prolonged. Slightly decarburized surfaces develop fatigue cracks very 
quickly under overload. 

We are concerned solely with the preservation of outer surface for long 
endurance runs. Since tooth wear develops before fatigue failure we should 
carefully investigate the area close to the surface as the most important cause 
ot Mr. MeMullan’s results. 

Written Discussion: By ©. J. Horger, 2084 Dorr Street, Ann Arbor, 
Michigan, 

The author shows in Table I how the life of the various steel and heat 
treated gears compare at one particular load. If the test load used represented 
service conditions, then the merit of the gears may be rated in order of their 
lite. Since it becomes impractical to select any one test load as representing 
service conditions, Table I in itself may become very misleading. The ac- 
companying curves illustrate this point. 

The author is testing on the slope of the S-N curves for gears A,B,C, and 
D as shown at load giving stress S. It is apparent that while gear B has 
longer life than gear A at the same stress S, that at some other stress this con- 
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dition is reversed. A similar condition is exhibited by gears C and |) 

It would also appear from the paper that test conditions of deflection o; 
gear and mounting parts as well as lubrication give failure conditions po 
simulating service conditions. The single variable of oil viscosity at tooth co 
tact under service conditions is an important factor in contact stress problems 
and associated with satisfactory gear operation. 

Therefore it would appear as though the author should make tests at Jeas: 
at several different loads in order to justify the making of conclusions 

Written Discussion: sy A. L. Boegehold, metallurgist, 
Motors Corp., Detroit. 


Genet a 


In the author’s conclusion it is stated that the results of laboratory test: 
showing load-carrying capacities on some of the higher alloy gear steels ca 
burized and double treated were confirmed in rear axle endurance tests. |; 
would appear, for reasons which will be given, that any correlation that was 
observed between the laboratory results obtained with flexural tests and results 
of rear axle tests were purely accidental. In paper by J. O. Almen and the 
writer on rear axle gears, presented before the American Society for Testing 
Materials in June 1935, it was rather conclusively demonstrated that a hig! 
strength obtained in a flexural test does not indicate that a similar result will 
be obtained in a rear axle test. 

There are several factors operating in a rear axle test, not presented in a 
laboratory test, which prevent an ordinary flexural test from being an indica 
tion of durability of material in rear axle gears. Under the conditions of th: 
author’s tests apparently one of the most important was the operating temper 
ature which was sufficient to cause softening of the steel. The second factor is 
the influence of stress concentration caused by the notch effect at the bottom 
of the tooth. Another factor which is very important in determining the dura 
bility of rear axle gears but which was not mentioned by the author ; th 
change in tooth contact caused by distortion of the gears in the heat treating 
process. Depending upon the nature of the contact between the gear teeth 
the actual stress existing at the bottom of the tooth may be increased consider- 
ably. It should be clearly understood also that only a small change of stress 
intensity will cause a considerable change in fatigue life so that all the differ- 
ence in life from the minimum to the maximum, cited in the table by the author, 
could easily be accounted for by variation in stress intensity. 

It is well known that a steel like S.A.E. 4340 is a decidedly deep hardening 
steel, therefore would tend to distort a great deal more in hardening than a 
gear made from low carbon steel and carburized. It is believed that the earl) 
failure of gears made of S.A.E. 4340, case hardened, was due to a large ex- 
tent to the increase of stress concurrent with distortion and poor tooth contact. 
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\ parallel result was experienced and described in the above paper in connec- 

tion with S.A.E. 2330 steel, case hardened. This steel showed the highest 

avenailh in a plain flexural test and the highest fatigue endurance limit in a 

lain rotating beam fatigue test but showed a relatively short life when tested 

as a rear axle drive pinion. In these tests the torque imposed was somewhat 

lower than in the tests described by Mr. McMullan, therefore, the problem 
softening due to a high operating temperature was not present. 

Summing up, it might be appropriate to repeat a word of caution to those 
selecting materials for gears that a plain flexural test is very unlikely to indi- 
cate what may be expected from that material in a rear axle gear and also 
that one of the most important considerations in selecting a gear steel is that 
it shall permit heat treating with a minimum distortion so that tooth stress 
will not be greatly increased by a bad tooth contact with the mating gear. 


Oral Discussion 


H. F. Moore:’ I have not had a chance to put my discussion of this paper 
into writing, but I want to ask one or two questions in order to make the pro- 
cedure carried out in the tests a little plainer to my own mind. 

The first question is—approximately what load in the tests described was 
applied as compared with the maximum service load which might have been 
expected? In general, in repeated-stress phenomena, short-time tests have 
proven rather unreliable as an index of behavior under service load. As has 
been pointed out by the previous discusser, this is due to the changing im 
portance of different factors, notably strength and ductility, and I would like 
to have the author explain in his closure whether the test loads were much 
above ordinary service loads, or whether they were slightly above such loads, 
perhaps about maximum load which might be expected in service. 

The second comment I would like to make is a reinforcement of the com- 
ment of the last speaker. The evaluation for service of the gear both in this 
paper and in the other paper mentioned was necessarily based to a certain ex- 
tent upon the life of the gear under test. I want to emphasize the point made 
by the last speaker, that a considerable increase in test life is nowhere near as 
significant as the same proportionate increase in stress. In the fatigue testing 
of metals an increase of life of 100 per cent between two specimens would not be 
viewed as anything very remarkable. An increase of life of four or five times 
would be of interest, and a ten-fold increase of life would be regarded as dis- 
tinctly significant. I merely mention this item from the viewpoint of a man 
interested in the fatigue testing of metals, wondering how far the results ob- 
tained in fatigue tests could be used in connection with this test. 

Above all, I wish to say I am very glad indeed to see papers like this one 
and the other one referred to, throwing new light on the various effects of re- 
peated stress. Nothing could be worse for either the laboratory or the service 
practice than worshipping any one test for strength under repeated stress, and 
[ am very glad to see various test methods presented and discussed. 


Author’s Closure 


The data presented by Mr. Smart are a valuable addition to the paper. 


‘Research Professor of Engineering Materials, University of Illinois, Urbana, Illinois. 
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Since our findings are quite well in agreement no further comment 


essary 
except to thank him for presenting that data and for the interest en 
the paper. 

The writer agrees with Mr. Davis that the maintenance of correct too 
form is of great importance to the endurance. Many times cracks follow wea 
and change of tooth form but fatigue failure may progress in some differs: 
manner depending upon the design of the gear teeth. The pinion teeth jn ¢) 
tests cited failed by wear and pitting along the root since the tooth form wa 


such that tension stresses at the root were not high enough to produce crack. 
Passenger car ring gears with 14% degree pressure angles tend to crack alo, 
the root of the teeth while truck gears with 20 degree pressure angles ay, 
less apt to fail in that manner since contact pressures are directed more towari 
the body of the gear and set up lower bending stresses at the root of the teet! 

Gears which have a soft skin produced by decarburization during reheating. 
or as Mr. Davis mentioned, in the carburizing process, score more readily, Gas 
carburizing with prepared mixtures is very apt to produce decarburized sur 
faces especially where heavy deposits of adherent coke are produced. For sy 
cessful gas carburizing for such applications as gears where the original sw 
face must be file hard it appears that the work must remain reasonably clea 
and free from adherent coke deposits yet without the gas mixture becomine 
too lean to produce the desired carbon content. A difference of opinion exists 
as to the file hardness of austenite or austenite-martensite mixtures. Fil 
hardness is greatly dependent upon carbon content and perhaps the soft skin 
is the result of partial decarburization on the very surface. Some steels ar 
more prone to form the soft skin on direct quenching than others. The soft 
skin on direct quenched chromium-vanadium steels appears to be connected 
with the layer of spheroidized excess carbide which forms in the surface layers 
and crumbles away under the file. 

Since the preservation of the outer surface is of prime importance for ce: 
tain applications it becomes desirable to prevent decarburization by regulating 
furnace atmospheres, keeping the temperature as low as possible in reheating 
by using a direct quench, avoiding unfavorable gas reactions in carburizing 
and to vary the heat treatment to produce the microconstituents most resistant 
to wear and tempering in the surface layers of the particular steel being used 
even at the sacrifice of the best core properties and over-all strength and 
toughness. 

Mr. Horger states that conditions of the tests did not simulate servic 
conditions. This of course is true to a certain extent as it is imposible to duph 
cate those conditions. The test conditions imposed on the axles were those 
arrived at during years of testing under various procedures as giving the most 
nearly comparable results with similar gears in actual service. Other loads 
have been tried (but not on this particular series) and loads have been ir- 
creased in steps from zero up to failure without better correlation with service 
results being obtained. Momentary stresses in service from shock loads, sud 
den shifting of gears, etc., are not determinable. The test load used was al 


estimate of the maximum that might occur in service. There is no reason to 


believe that the deflection of the gear and mountings should not be the same 


under equal test and service loads. There was no vertical weight load on the 
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<le as in service but the axles tested were full floating and the effect of 
ae t should be minimized. The kind and amount of lubricants were identi 
a to those used in service and the temperature was kept approximating that 
ound in service. More variation in temperature and viscosity of lubricant 
would occur in service because of stopping and _ starting again when cold, 
Shock loading did not occur in the tests but shock is largely absorbed in pro 
peller and axle shafts, tires, etc. Almen and Boegehold? state that tooth fail 
ure in rear axle gears never occurs from shock. The appearance of the failed 
ears was quite similar to gears which failed in service. 

| agree that it would be desirable to make tests at several different loads 
to establish an S-N curve. However, such a curve would not necessarily fol 
low the S-N curve from standard laboratory test specimens of the same ma 
terial due to change in tooth contact from deflection and wear, tempering 
operation, etc. The tests of full sized units are expensive ones to make and 
many tests of long duration would reach a prohibitive cost unless the volume 
of production was very large. A relatively few tests on full sized parts and 
units under conditions approaching as closely as possible those in service give 
lar better indications of the service life of those parts than a large number of 
laboratory test specimens tested under more theoretically ideal conditions. 
[his is not meant as a criticism of laboratory tests since both procedures have 
their proper field. Much preliminary work can be accomplished with labora 
tory specimens to point the way to final tests. Unsuspected factors enter into 
service failures and those factors are not imposed upon the laboratory test 
specimens but more of them enter as test conditions approach more closely to 
actual service. 

In reply to Mr. Boegehold’s comments concerning lack of correlation of 
laboratory flexural tests with rear axle tests, it can be noticed the conclusion 
of the paper states that agreement between the two methods as to load carry 
ing capacities of the steels existed only when axle tests created conditions 
similar to those of the laboratory tests. Agreement. in strength was good 
when bend test results were compared with ring gear life when the latter was 
not influenced by pinion failure. It was further pointed out that bend tests 
and pinion failures did not correspond because the additional factors of wear 
and temperature effects entered into pinion failure. 

(he writer agrees that distortion from heat treatment would affect the 
results the same as any other factor disturbing proper tooth contact. Several 
reasons may be pointed out to indicate that heat treatment distortion did not 
have a major influence on results. As to uncarburized S.A.E. 4340 steel less 
listortion would occur during heat treatment than in case hardened steels. 
More might be expected when that steel was case hardened, but all gears and 
pinions were matched and lapped together prior to the tests and passed as 
satistactory for production by the regular inspector, thus eliminating the possi 
bility of a great amount of heat treatment distortion being present. The values 
m case hardened S.A.E. 4340 steel given in Table I are averages of three or 
more tests. Unrepresentative values should be at least partially eliminated. 


lhe ranges of values were 15,000 to 63,000 cycles for 400 degrees Fahr. draw- 








R ir Axle Gears: Factors Which Influence Their Life.” A paper presented at the 
\.5.T.M. Convention in Detroit, June 24-28, 1935. 
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ing temperature, 34,000 to 41,000 for 600 degrees Fahr, and 46,00 
for 800 degrees Fahr. This greater uniformity of results wit! 
drawing temperature might be expected by decreasing the brittleness 
not seem that distortion should be greatly affected. The S.A.F. 
with the higher draws gave as good uniformity as* case hardened 
much more distortion existed it might be expected that more varia: 
have been found in the former. 


tU fears 
Cars. |i 


n woul | 


The tooth distortion produced during the actual gear tests as shown i 
the paper cited by Mr. Boegehold is far greater than would pass inspection ;; 


produced during heat treatment. Even for equal amounts of distortion { 


ron 
the original tooth form as cut the internal stresses from heat treatment 


are 
probably much less than those from the external load since part of the hea 


treatment distortion probably occurs in the plastic stage and cannot therefor, 
account for a major portion of the stresses. It is even possible that hea 
treatment distortion producing a toe bearing with a light load might give he 
ter stress distribution along the tooth under heavy loads than would no dis 
tortion at all. The matching and inspection of gears for the tests makes 

appear probable to the writer that heat treat distortion was not a deciding {a 
tor. Scratches and other mechanical defects have an influence on fatigue |if, 
and I believe that the distortion of the parts and mountings during operatic: 
have a very decided effect. These effects should be more or less averaged in , 
number of tests and leave other large and consistent variations rather difficul 
to explain if metallurgical differences are not to be considered. 

In reply to Dr. Moore, it is rather difficult to compare stresses in a test 
of this nature with actual service. There are conditions, such as when a truck 
gets in a mud-hole, where shifts are made from low to reverse, so that mome 
tarily a much higher load would be built up than occurred from the stead 
stresses in the dynamometer test. Therefore, it seems reasonable that th 
maximum stresses at least might be somewhere close to those actually ol 
tained in service. The load applied in the tests was 60 per cent above full 
motor torque developed in low gear by the truck motor designed to be used 
with the axles. 

Ordinary fatigue tests on standard specimens would probably compar: 
with results of the tests where initial failure occurred in the ring gear sinc 
those results were related to the strength shown by the bend tests. Pinio: 
failure which in several cases occurred first probably would not check ver 
closely with standard fatigue specimens since partial lubrication permitted 
temperature rise at contact areas with softening and weakening of the struc 
ture, and wear—factors not entering into standard fatigue tests. Wear whic! 
changes the location of tooth contacts; deflection which separates the gear 
and pinion from normal positions and throws the point of load applicatio: 
nearer the top of the tooth and thus increases bending stresses at the root; and 
deflection of the teeth themselves shifting the load from toe to heel along th 
tooth face: all enter into gear life. The fiber stresses in the gear teeth may 





not therefore be entirely proportional to the measured input or output torque 
of the dynamometer tests and it might be expected that a stress-cycle curve 


would differ somewhat from that obtained on standard specimens even if the 
effect of tempering did not enter into either test. 
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THE EFFECT OF DEOXIDATION ON THE RATE OF 
FORMATION OF FERRITE IN COMMERCIAL STEELS 


By D. L. McBripe, C. H. Herry, Jr., ANd R. F. Mene 
Abstract 


The rate of precipitation of ferrite from austenite 
at constant te mperatures between A, and A, was studied 
in a series of nine commercial steels, including silicon 
billed and aluminum-killed steels. The isothermal de- 
com position curves obtained can be described by the equa 
tion for a first order chemical reaction, and the reaction 
rate constant in this equation taken as a measure of the 
reactivity of the steel. A steel treated to give different 
austenite grain sizes gives different reaction rate con- 
stants for one temperature of precipitation ; when, how- 
ever, these are divided by the grain surface area they be- 
come equal, The rate of ferrite precipitation in aluminum- 
killed steels is greater than that of silicon-killed steels at 
low degrees of undercool, but less at high degrees of 
undercool, thus showing a smaller dependence on tempera 
ture. The amount of ferrite formed on normalising com- 
pared to that formed on annealing was found to be de- 
pendent only on the mass of the specimen, which deter- 
mines the cooling rate, and the austenite grain-size, in- 
wouee linearly with increasing austenite grain surface 
area per unit volume of specimen. 


HE rate of decomposition of austenite has been studied by many 
workers, particularly Bain’ in this country. These studies have 


1E. S. Davenport and E. C. Bain, ‘‘Transformation of Austenite at Constant Sub-Criti 
cal Temperatures,’”’ Transactions, American Institute of Mining and Metallurgical Engi- 
neers, Iron and Steel Division, 1930, p. 117; E. C. Bain, “On the Rates of Reaction in 
Solid Steel,” ibid, 1932, p. 13; E. C. Bain, “Factors Affecting the Inherent Hardenability of 
Steel,”” TRANSACTIONS, American Society for Steel Treating, Vol. 20, 1932, p. 385; E. S. 
Davenport and E. C. Bain, ‘‘General Relationship Between Grain Size and Hardenability 
of Steels,” Transactions, American Society for Metals, Vol. 22, 1934, p. 861. 


This article is an abstract of a thesis submitted by D. L. McBride to the Carnegie In 


stitute of Technology in partial fulfillment of the requirements for the degree of Doctor 
t Science, 


_ A paper presented before the Seventeenth Annual Convention of the So- 
ciety held in Chicago the week of September 30 to October 4, 1935. Of the 
authors, D. L. McBride is Metallurgical Advisory Joard Fellow and 
Graduate Student, Department of Metallurgical Engineering, Carnegie Institute 
of Technology, Pittsburgh; C. H. Herty, Jr., formerly Director of Research, 
Metallurgical Advisory Board, Carnegie Institute of Technology, Pittsburgh, 
and since September, 1934, Research Engineer, Bethlehem Steel Co., Bethlehem 
Pa.; and R. F. Mehl is Director, Metals Research Laboratory and Professor of 
Metallurgy, Carnegie Institute of Technology, Pittsburgh. Manuscript received 
une 8, 1935, 
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been limited to decompositions which take place below the 
temperature A,, and are chiefly restricted to the form 


mn ot 
pearlite, though in some cases preliminary formation of ferrite and 
cementite have been observed, especially at higher temperatures The 
rate of formation of ferrite alone, however, either at temperatures 


just below A,, or at temperatures between A, and A, (where noth- 
ing but ferrite can form) has not been studied. Information on the 
rate of ferrite formation at these higher temperatures is of interest 
and of importance, particularly with respect to the operations of 
normalizing and annealing and also, though less directly, with re- 
spect to the operation of quenching. 

Deoxidation alters steel in a number of ways: It eliminates free 
or dissolved iron oxides to a greater or lesser degree dependent upon 
the strength of the deoxidizer employed and the amount of deoxidizer 
added; it leaves in the steel the excess of unused deoxidizer as a 
metallic alloyed impurity; and it creates in the steel a dispersion of 
deoxidation products, chiefly oxides. Different deoxidizers affect 
steel in different ways with respect to the residual deoxidation 
products. SiO, is a relatively low melting constituent which fluxes 
and agglomerates readily with iron oxide and thus possesses the 
quality of self-elimination by levitation from the steel bath when 
sufficient time is provided; Al,O,, however, has a high melting point 
and very low fluxing capacity for iron oxide and thus tends to re- 
main in the steel in the form of a fine dispersion widely distributed. 

This fine dispersion of Al,O, likely is the cause for the relatively 
high austenite coarsening temperatures characteristic of aluminum- 
killed steels. Silicon-killed steels, on the other hand, show a rela- 
tively low austenite coarsening temperature. Thus at intermediate 
temperature ranges similar heat treatments will produce large aus- 
tenite grains in silicon-killed steels and small grains in aluminum- 
killed steels. The size of the austenite grain is an important factor 
in determining the rate of decomposition, for these reactions proceed 
chiefly by rejection of the transformation product at the grain 
boundary or surface, and the rate is thus dependent upon the area 
of the grain boundary surface; thus small-grained steels which pos- 
sess large grain surface areas per unit volume react more rapidly 
than large-grained steels which possess small grain surface areas. 

It is known that transformation processes in alloys operate by 
the formation of nuclei and the subsequent growth of these nuclel. 
Evidently any influence which changes either of these factors will 
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alter the rate of transformation. Apart from the influence of deoxi- 
dation on grain-size, the effect of the deoxidation products as possible 
nuclei for initiating the transformation process is therefore im- 


portant. - 
It must be remembered that other factors affect the rate of de- 


composition of austenite, particularly elements in solid solution in 


austenite. For the steels studied here only metallic alloyed deoxidizer 
and dissolved oxygen need be considered; the exact role played by 
these is not now certain and seems difficult to study. It does not 
seem likely that either metallic alloyed deoxidizer or dissolved oxygen 
in the very small concentrations obtaining here can sensibly affect 
the rates of decomposition measured. 

The present study is an effort to determine the influence of com- 
mon deoxidation practices upon the rate of formation of ferrite at 
temperatures between A, and A;. For this purpose nine commer- 
cial steels, deoxidized with manganese, silicon, and aluminum, and 
roughly divisible into silicon and aluminum-killed steels, were pro- 
cured. Samples of these were annealed at various temperatures 
within the austenite range to produce various austenite grain sizes 
(in order later to permit a quantitative evaluation of the effect of 
erain size on the rate of decomposition) and then quenched to a series 
of temperatures between A, and A, and held there for various 
periods of time; the extent of reaction after various time periods 
was measured by a planimetric evaluation of the ferrite areas de- 
veloped. This is the sub-critical isothermal transformation technique 
so extensively employed by Bain’. In an extension of this work, 
the relative amounts of ferrite developed on normalizing and an- 
nealing for samples of different masses were determined planimetri- 
cally, and finally the depth of hardening on water quenching was 
determined in the usual way on the same steels. 


Materials 


Twelve steels were studied in the several parts of this work. 
The compositions of these steels are shown in Table I. Except for 
steel AX, all fall between 0.33 and 0.50 per cent carbon. These 
steels may be classed as either silicon-killed or aluminum-killed 
steels; they all are commercial steels, made in conjunction with the 
work of the Metallurgical Advisory Board of the Carnegie Insti- 
tute of Technology. The compositions of the deoxidizers used are 
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given in Table II, and the deoxidation treatment in Tabk 
will of course be noted that the steels designated as “al 


Inum 
killed” had actually been deoxidized also with silicon and manganese 
in conformity with usual nomenclature the term “aluminum-killeq’ 
simply designates a steel during the deoxidation of which aluminum 


was used. 






Table I 
Compositions and Ar, Temperatures of Steels Used 









Per Cent At 
Designation _¥ Mn P Ss Si Metallic Al °C. F 

D* 0.44 0.64 0.039 0.028 0.157 0.010 740 1364 
J 0.39 0.73 0.016 0.031 0.073 none 740 1364 
xX 0.33 0.44 0.011 0.029 0.163 none 771 1420 
Y 0.41 0.62 0.021 0.034 0.191 none 757 1395 
Z* 0.405 0.58 0.018 0.031 0.183 0.016 761 1402 
AD 0.41 0.81 0.034 0.039 0.169 none 755 139 
AE* 0.50 0.83 0.021 0.040 0.170 0.012 730 1346 
AP* 0.48 0.74 0.022 0.030 0.205 0.020 745 1374 
AR* 0.37 0.62 0.016 0.035 0.197 0.013 760 1400 
AS* 0.45 0.71 0.013 0.031 0.138 0.009 742 1367 
AT* 0.40 0.56 0.021 0.030 0.127 0.009 765 1409 

r 0.21 0.43 0.016 0.043 0.111 none 798 1469 





*Aluminum-killed steels 






Table Il 
Composition of Deoxidizers 


Per Cent 















Mn Si Cc 

Common spiegel 20 1.5 ae 4.0 
High silicon spiegel 21 4.0 es 4.25 
Silicospiegel 30 7.0 ee 3.5 

- Silicomanganese 69 15.5 aid 2.5 
Mn-Si-Al alloy 67.5 16.2 4.0 Lao 
Ferromanganese 80.0 0.6 eve 6.50 
Ferrosilicon oe 50.0 


Alsifer ea 40.0 20.0 
Aluminum niin eins 





The Rate of Formation of Ferrite 


Methods. Samples were cut in the form of 1% or ¥% inch 
cubes, taken from the outer surface of billets and axle stock in order 
to obtain material from what was originally the surface of the ingot, 
thus avoiding regions of extensive segregation. The analyses given 
in Table I were procured from samples taken from a similar location. 

The cube samples were annealed in air in an electric muffle 
furnace at various temperatures above A, for various periods of time 
in order to homogenize them and'to develop different austenite grain- 
sizes. After this treatment they were transferred to a salt bath 


1956 


on 
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Table Ill 
Methods of Deoxidation 


Added in 

Furnace 
Silicospiegel 
Ferromanganese 


High silicon spiegel 
Ferromanganese 


High silicon spiegel 
ferromanganese 


High silicon spiegel 
ferromanganese 


Common spiegel 


| ligh silicon spiegel 


Added in 
Ladle 


Alsifer Ferrosilicon 
Coal 


Ferrosilicon 
Ferrosilicon 
Coal 


Ferrosilicon 
Coal 


Alsifer—Ferrosilicon 
lerromanganese 


Ferrosilicon 


Ferromanganese 


Common spiegel Alsifer—Ferrosilicon 
ferromanganese 


Silicomanganese Alsifer—Coal 


Ferromanganese 


Mn-Si-Al alloy 


ferromanganese 
Ferrosilicon—Coal 


Ferromanganese 


Mn-Si-Al alloy 


Ferromanganese 
Ferrosilicon—Coal 


Silicospiegel 


Ferromanganese 
Ferroaluminum 


Ferrosilicon—Coal 


Ferromanganese 
Fer I osilicon 


maintained at a constant temperature between A, and A, and held 
there for various periods of time, and then quenched in water. In 
order to soften the samples for ease in grinding and machining and 
to produce contrast in the final photomicrograph by converting the 
martensite to troostite or fine sorbite, they were later reheated to 
{00 degrees Cent. (750 degrees Fahr.). 

Early experiments showed an induction period —an_ initial 
period in which apparently no ferrite formed — varying from 5 sec- 
onds to 30 seconds. Much of this period was accounted for by the 

Y2 inch time required for the temperature of the sample to reach the sub- 
n order critical temperature chosen for the reaction. The quenching tem 
e ingot, peratures varied between 850 and 1000 degrees Cent. (1560-1830 
S given degrees Fahr.), temperatures above the A, temperatures of roughly 
ocation. 100 to 250 degrees Cent.; the transformation temperatures chosen 
muftle were never more than 50 degrees Cent. below the A, temperature, 
of time 
> graln- 
lt bath 


so that most of the time of cooling was consumed in traversing the 
austenite range where no reaction could take place. 
periments the samples were more leisurely transferred to the 


In later ex- 
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salt bath, the operation taking from 15 to 30 seconds. | 


ng this 
technique no incubation period was observed. 


All reactio 
in the following figures thus begin at zero time. 


shown 
Any inaccuracies 
introduced by this method cannot be important, because in the wors, 
case the true induction period —if it exists —can be a matter oj 
only a few seconds whereas the reactions studied last from minutes 
to hours. 

The cubes treated as described above were polished, etched with 
picric acid in alcohol, and finally photographed. The amount of fer- 
rite formed during the chosen reaction period was then evaluated 
by the planimetric method previously employed by Herty and 
Lightner? This method consists in superimposing a_ transparent 
grid with 400 unit squares per square inch upon the photomicro- 
graph, and counting the number of unit squares occupied by the fer- 
rite areas. Tests have shown this method to be accurate to withi 
+ 2 per cent of the measured area. 

It will be necessary later in the work to calculate the grain 
surface areas in order to compare the reactivities of the various steels 
upon a common basis. This calculation was made as follows: The 
approximate shape of the grains in these steels as seen on the photo- 
micrograph is a circle; in three dimensions the grain is thus a 
sphere. If r is the radius of the average grain, G the number oi 
grains per square inch as seen on the photomicrograph at 100 
diameters, then G*? is the number of grains per cubic inch at 100 


Se 


l l 
Since — = ar’, then r = eo and since 4zr° is 
I mG 


diameters. 


the grain surface per grain (the area of the surface of a sphere), 


l 4 
then 4x | —— } = — = grain surface per grain, and accordingl; 
nG G 
. . 4G? . 7 ry . p 
the grain surface area 5 = a 4\/G. This method of calcula- 


tion must be regarded as an approximation only, since it involves 
the assumption that the grains are actually spheres and that the grains 
are all of one size, neither assumption being strictly true. The data 
obtained in this investigation, plotted according to the grain sur 
face area calculated in this way, however, are greatly simplified, 
as will be seen, and the calculation therefore seems amply justified. 












2C. H. Herty, Jr. and M. W. Lightner, “The Transverse Impact Strength of Plain 
carbon, Normalized Steels,” Cooperative Bulletin No. 59, Metallurgical Advisory Board to 
the Carnegie Institute of Technology, 1932. 
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Results 


The data obtained in the manner described for the steels listed in 
ie Table I are given in Tables IV and V, Table IV listing silicon-killed 
’ aie steels and Table V aluminum-killed steels. These tables also list the 
aa * austenite grain-sizes, the temperatures to which the steel was 
= quenched for reaction, and the degrees of undercool — the difference 
cath between A, and the quenching temperature. 


Table IV 
yaluated Per Cent Ferrite Formed at Various Times after Quenching into Salt Bath, 
‘ty and Silicon-killed Steels 
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Fig. 1 shows the type of structures obtained, and illust 









progress of ferrite formation, for the steel designated AD. | 
be seen in these photomicrographs that the ferrite forms near] 
clusively at grain boundaries. The ferrite thus outlines the original 
austenite grains, enabling the observer readily to determine their size. 

As the reaction proceeds to completion, ferrite begins to form 
spines or “needles’’ projecting from the grain boundary toward the 
center of the grain. At this point, obviously, any calculation of rate 

















of reaction on the basis only of grain surface area begins to lose all 
significance. This, however, happens only near the completion of the 
reaction and does not invalidate any calculations made for the first 
part of the reaction. An evaluation of the relative amounts of inter- 
crystalline or grain boundary ferrite and intracrystalline ferrite was 
made on steel Y (which may be taken as typical in this respect), and 
the results plotted as reaction-time curves. These are shown in 
Fig. 2 where it may be seen that the intracrystalline ferrite becomes 


appreciable only after the reaction is 50 per cent complete. 








Table V 
Per Cent Ferrite Formed at Various Times after Quenching into Salt Bath, 
Aluminum-Treated Steels 


Steel , - Steel Z———— ~ -—Steel D—, --Steel AE Steel AP- 
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_ Fig. 1—Ferrite Formation in Steel AD at 707 Degrees Cent. (T 48 Degrees 
Cent.) Magnification, X 200. (Reduced One-Half in Printing.) 
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In basing calculations of rate of reaction upon the ¢ surf 


N surface 
area it must also be appreciated that the progressive formation of {e, 
rite at grain boundaries progressively decreases the grain surface are; 


by simple shrinkage of the grain which is rejecting ferrite. Thes 
several considerations must be kept in mind in considering the resy}t; 
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Fig. 2—Grain Boundary and Intracrystalline Precipitation of Ferrite 
in Steel Y, 50 Degrees Cent., Undercool. 





of the present study; in general they tend to decrease the precision 
with which the data may be treated, but evidently not seriously, as 
will be seen. 

A consideration of the iron-carbon system will show that the 
total amount of ferrite formed at constant temperatures between 
A, and A, will be dependent upon (1) the composition of the steel, 
insofar as it affects the A, and (to a lesser extent) the A, tempera- 
tures, and (2) the temperature of precipitation or, stated in a differ 
ent way, the amount of undercool. In both cases, when the full 
course of the critical temperature curve A, is known, the total or 
equilibrium ferrite can be calculated by simple application of the 
familiar lever-arm principle. Conversely, if the equilibrium amount 
of ferrite is determined by experiment, the position of the A, curve 
may be fixed (if the obviously small solubility of carbon in alpha iron 
between A, and A, is neglected, as it has been in this work). The 
A, temperatures listed in Table I were determined in this way. 

The results of these sub-critical isothermal decomposition 
studies, listed in Tables IV and V, are plotted in Figs. 3, 4, 5, and 6 
These figures are simple rate curves, in which the percentage of total 
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plotted against elapsed time. In each case the temperature of 


ferrite 1S 
decomposition is noted, and in several cases two curves are given for 


the same temperature, applying respectively to steels possessing 
coarse and fine austenite grains. It will be seen that the rate of fer- 
rite formation is the slower in the coarse-grained steels. It will also 
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Fig. 3—Rate of Ferrite Formation on Steel X, Silicon-Killed. 
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Fig. 4—Rate of Ferrite Formation on Steel Y, Silicon-Killed. 


be seen that the rate of ferrite formation increases as the tempera- 
ture of formation decreases. In plotting these figures one-half min- 
ute was deducted from the data listed in Tables IV and V for the 
steels X, Y, and Z at the temperatures 697 and 717 degrees Cent. 
1285-1320 degrees Fahr.) in order to correct for the time of cool- 
ing oF quenching ; this has been discussed under “Methods.” With 
this correction, no induction period is represented, all curves show- 
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ing ferrite formation beginning at the origin. It will be 


- , | that 
Figs. 3 and 4 are for silicon-killed steels, and Figs. 5 


0 tor 
aluminum-killed steels. These figures do not represent of th 
data obtained in this study, but may be taken as sufficiently represen. 


tative for the present purpose. 
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Fig. 5—Rate of Ferrite Formation on Steel D, Aluminum 
Treated. 
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Fig. 6—Rate of Ferrite Formation on Steel Z, Aluminum-Treated. 


Discussion of Results on the Rate of Formation of Ferrite 





As stated in the introduction, reactions such as these proceed by 
the formation of nuclei and the subsequent growth of these nuclei to 
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‘orm visible grains of the product. It has been suggested by a 
number of workers that these reactions may be represented as first 
order reactions, so familiar to the physical chemist.* The basis for 
this lies in the fact that much of the reaction curve conforms to the 
mathematical equation which characterizes first order reactions. 
This, however, is true only in the middle section of the curve, the be- 
sinning and end sections generally showing marked deviations. 

There seems to be little real justification for considering solid- 
solid reactions as first order chemical reactions. Since the reaction is 
known to proceed by nuclei formation and subsequent growth of these 
nuclei (a mechanism having nothing in common with the conditions of 
true concentrations and effective collisions of real first order chemical 
reactions), it would seem much more useful to analyze the reaction 
into these terms, and to study the effect of composition, temperature, 
etc., upon these two controlling factors.* It is not yet possible to per- 
form such analysis because of the difficulties involved in the experi- 
mental determination of the rate of nuclei formation and the rate of 
crystal growth.° 

Admitting the artificiality in the analysis of these reactions as 
first order reactions (and the desirability of a more precise analysis), 
it is quite possible to compare the reactivities of several steels upon 
the basis of the constants which pertain to first order reactions. 
Upon this basis, the rate of precipitation of ferrite may be repre- 
sented by the expression : 


d-Fe 


—- = K (austenite — ferrite) 
dt 


d Fe 


In this expression "a represents the rate of formation of ferrite, 
at 


the expression in parentheses represents the difference between the 
amount of the original austenite (which is unity) and ferrite at any 
time period (in the present application these are not truly concen- 


Ref. 1; also: W. Fraenkel and W. Goez, “‘Kinetic Studies on Solid Metals. Decompo 
sition of the Compound AlsZnz,” Zeit. f. Metallkunde, Vol. 17, 1925, p. 12 (also later papers 
y Fraenkel: ibid Vol. 19, 1927, p. 58; Vol. 22, 1930, p. 162. 


‘This matter has been discussed by R. F. Mehl, TRANSACTIONS, American Society for 
Metals, Vol. 22, 1934, p. 720. : 
‘hese difficulties originate in the opacity of metals; it is impossible to appraise the 
rue size of any metal crystal upon a plane of polish because of the uncertainty in the 

t of that plane in the crystal. This affects alike the determination of nuclei number 

crystallization velocity. It seems likely that indirect and statistical methods alone 

of help in this problem. Such an analysis is now in progress and will shortly be 
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June 





trations as they are in reactions in gases or liquids, but me: frac. 
tions of the total mass) and K is the reaction rate constan!, which 
we will designate as the reactivity constant or the specifi 


rate. This equation integrates to: 


ction 








The quantity K should be constant throughout the course of the 
reaction. In the application of the equation to the present data, how- 
ever, K was observed not to be constant in several cases, which dem 
onstrates the uncertainty in applying the first order reaction equa- 
tion to data like these. However, those reaction rate curves which 
extrapolate smoothly to zero time will yield fairly constant values 
for K. The data obtained from steel Y, in the coarse-grained condi 
tion, at a temperature of 707 degrees Cent. (1305 degrees Fahr.), as 
shown in Table VI, may be taken as an example of close conformity 
to the requirements of equations (1) and (2). In this case, the pre 
cipitation of ferrite was essentially complete after thirteen minutes. 
and for this reason the value of K from this point on apparent) 
rapidly decreased, though obviously there is nothing anomalous in 
this. Similar treatment of the data from steel D, however, gave 
values for K which were far from constant, these values first rising 
rapidly to a maximum and then decreasing gradually; in this case, 
and others like it, an average value for K was obtained by simpk 
averaging of the calculated values over the fulltime curve. Nothing 





Table VI 
The Reactivity Constant for Steel Y at 707 Degrees Cent. 
Coarse-grained Sample 









1 
Minutes After Per Cent 2.3 log —— 
Quench Ferrite re K 
l 2.0 0.0198 0.0198 
2 4.0 .0412 .0206 
3 5.8 .0601 .0200 
4 7.8 .0817 .0204 
5 9.6 -1009 .0202 
6 11.5 .1222 .0204 
7 13.2 -1415 .0202 
8 14.9 -1614 .0202 
9 16.4 1791 -0199 
10 17.8 .1966 .0197 
11 19.2 .214 .0196 
12 20.3 .227 -0190 
13 21.3 .240 .0185 





Average 0.0199 
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Table VII 


Reaction Rate Constants for Isothermal Decomposition Curves 


S=4VG 

(5) Grain 

Quenching Under Surface 
‘Temp. cool Grain/in® per in® Reactivity 


=. ar "G: at 100» at 100 Constant S Log K/S 


707 33 ; aa 15.0 2.72 X 10-8 2.565 
J 23 < R Se ; 2997 


12 2 3.43 3.169 


64 3.3 7.3 64 8, .056 
33 Sed 7.3 8.3 »B4 -2.943 


138 ’ 2.000 
87.8 i ».130 
112. 4. —2,306 
16 2.33 -2.635 


21. 8: -2.737 


123. >. -2.268 
40. . .337 
52. 2.28 —2.642 
19 2.78 —2.556 

745 
.783 
.108 


.357 
—2.400 
~—~2.361 
442 
.527 


707 ; ; 3.¢ 2. .668 
717 ; 42. 2 —3.000 
734 : Dod mB) ‘ 3.745 


701 43. i 2.5: —2.597 
702 , 4.6 8.! ‘ ; .580 


669 7 108.0 ‘a ‘ 4. —2.306 


702 43 2.1 . 0 3.3, —2.482 
798 730 68 7.0 : 217. oa 1.688 
798 747 51 7.0 ‘ oi. 4, —1.848 
798 774 28 12.5 90, 3. —2.444 


*Aluminum-killed steels 


further is claimed for this method of treating the data as described 
in the above except that it offers a convenience in comparing the 
reactivities of different steels. 

The calculated reaction rate constants are summarized in 
Table VII. It will be seen that widely divergent values are obtained 


lor K for a given steel at the same reaction temperature. ‘This dif- 
ference originates in the difference in grain-size in the original 
austenite, 


Since, as shown in Fig. 1 and as discussed previously, 
the ferrite forms chiefly at the grain boundaries, we may adjust the 
tor K by dividing by the grain surface area, S. It will be 
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IX 
seen in Table VII that the values for — are indeed co; 
> 
dependent of the austenite grain-size. 
IKK 
The variation of with temperature may be expresse« by 


equation : 










IX 

Kvidently log is a linear function of AT: this is illustrate: 
S 

the data at hand in Figs. 7-13. The values® of the constants 


Table VIII. 


' 
i Ql 


a and b> for the different steels are listed in 








Table Vill 
Comparison of Composition and Method of Deoxidation with 
the Characteristic Constants 












Per Cent Characteristic Constants 


Mn 








Silicon-killed Steels 










AX 2 0.43 2.951 0.0205 
X 0.32 0.44 2.961 0.0132 
y 0.39 0.62 3.708 0.0240 
] 0.40 0.73 —3.657 0.0216 
‘A 0.81 -4.572 0.0400 











Aluminum-kiiled Steels 








Z 0.58 2.57 0.0033 
AP 0.47 0.74 2.741 0058 
AE 0.50 0.83 741 0.0058 


0.64 0.0291 
















It will be seen from Table VIII that the values for a are gene 


ally lower in aluminum-killed steels than for silicon-killed steels (steel 


“The usual physico-chemical expression for the variation of a rate constant with tem 
-b 
b 
perature is k Ae , Which in logarithmic form is In k In A . Equation | 


T 










1 


liffers from this in replacing with AT; equation (3) is therefore not an equivalent ex 









l 
pression since T is not a linear function of and since AT is used instead of the absolut 
T 
temperature. The empirical equation (3) doubtless has its foundation in_ the orthodox 
equation given above in this footnote; the linearity shown in Figs. 7-13 is doubtless mor 
apparent than real, owing to the small temperature interval represented in the figures 
The empirical equation (3) is used rather than the orthodox Arrhenius equation only for 
reasons of simplicity; it does not seem profitable to extend the present treatment along mor 

orthodox physico-chemical lines. 
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D is an exception), and that b is also generally lower. In ; con- has 
nection it must be remembered that low values of a corr d to cha 
K at | 
high values for —. Evidently a and b are both determined } the 
S 
nature of the deoxidation practice, though it is impossible at this 
moment to attach any physical significance to the values of « 
§ 
> 
ele 
S18 
© 
c}9 
5} 9 
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Sle 
e> 
o | 
is 
® 
© 
© 
> 
| 
i) 
% leo 
S 
~ 
80 O 10 20 30 40 
Original Undercoo/, °C. 
Fig. 11—Effect of Degree of Undercool on the Reactivity Constant 
of Steel AX, Silicon-Killed. 
Fig. 12—Effect of Degree of Undercool on the Reactivity Constant 
of Steel D, Aluminum-Treated. 
The difference in these values for a typical aluminum-killed steel 
(steel Z) and a typical silicon-killed steel (steel Y) is shown 
graphically in Fig. 14. In other words, it may be said that at high tem- 
peratures (low degrees of undercool) the rate of formation of ferrite 
in aluminum-killed steels is greater than that in silicon-killed steels, 
but that at low temperatures the reverse is the case. Judging from the 
present results, this may be expected to be generally true for all 
aluminum-killed and silicon-killed steels. - 
The increase in rate with decreasing temperature (increasing Me 


undercool) is more surprising than may appear at first sight. It ” 
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has been pointed out by Austin, arguing from Bain’s data,’ that the 
change to longer reaction times which on the average takes place 
at a temperature 150 degrees Cent. below A, may be explained as 


Reactivity Constant 
in Surtace Area per Cu./n. 


Ny 
® 


Stee/Z e——e 
t— Steel AP o-——-0 
SteelAE e-—--—o 





loge 
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QO PB 40 60 80 100 
Original Undercool, °C. 
Fig. 13—-Effect of Degree of Undercool on 


the Reactivity Constant of Steel Z, and Steels 
AE-AP, Aluminum-Treated. 
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Fig. 14 —Comparison of the Effect of Undercool 
on the Reactivity Constants of Steel Y (Silicon 
Killed) and Steel Z (Aluminum-Killed). 
Metal B. Austin, “Dependence of Rate of Transformation of Austenite on Temperature,” 


Technology, January 1935, American Institute of Mining and Metallurgical En- 
gineers, Technical Publication No. 590. . , . 
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a result of two competing factors, the first the free ener: 
which increases with increasing departure from A, and 
creases the tendency to transform and by inference the spee 
tion; and the second the viscosity of the system which pro; 
increases with decreasing temperature and retards the rea 
first factor predominates between A, and the temperature 150 
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fusion of Carbon in Gamma Iron, 



























Cent. lower, and the second factor predominates at lower tempera 
tures. It was pointed out by Mehl in discussion that in all probability 
the first factor is in reality the tendency to nuclei formation and the 
second the rate of diffusion of carbon in gamma iron — not the vis- 
cosity. The observations of Tammann on the variation with tem- 
perature of the rate of nuclei formation from melts are consistent 
with the type of expression used by Austin for his first factor, and 
the variation with temperature of the rate of diffusion is consistent 
with the type of expression used by Austin for his second factor, 
this alternative methed thus giving an entirely similar combined ex 
pression. 
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It may be concluded, therefore, that the rate of diffusion is not 
‘ controlling factor in the type of reaction discussed here, but 
that the rate of nuclei formation is, in all probability. We may see 
this somewhat more clearly in Fig. 15. It has been frequently ob 
served that the rate of diffusion in sohd metals ts consistent with an 
b 
expression of the torm LD Ae* , or In D In A . The 
T 
warithm of the diffusion coefficient of carbon in y iron plotted 
| 
against will thus give a straight line, as shown in Fig. 15, the data 
rT 
riginating in the work of Bramley and Lord.® The transformation 
rate data for steel Z may be seen to have a slope of opposite sign, 
indicating that diffusion cannot determine the rate of ferrite forma 
tion. It is interesting that the rate of spheroidization of pearlite, as 
served by Bailey and Roberts,® when plotted in this way likewise 
sives a straight line with a slope of the same sign as that for diffusion, 
which ostensibly is proof that this rate is determined by the rate 
{ diffusion of carbon. The difference in slopes in the curves for 
spheroidization and diffusion originates in the fact that spheroidiza 
tion involves diffusion in @ iron, and also in the uncertainties in- 
herent in determining the rate of spheroidization. Actually the curve 
shown represents the time for completion of spheroidization, 


The Formation of Ferrite upon Normalizing 


in a previous study on the effect of deoxidation on the transverse 
impact strength of normalized steels, it was found that the impact 
value was directly dependent upon the amount of ferrite formed 
during normalizing.’ It was further found that steels of the same 
nominal composition gave widely different amounts of ferrite on 
normalizing. ‘This seemed to be caused by the differences in the 
austenite grain-size which was determined by the type of deoxidation 
practice used in the preparation of the steel. 

The difference between the behavior of silicon- and aluminum- 


1} 


killed steels is illustrated in Fig, 16, in which the fraction of the total 


“A, Bramley and H, D. Lord, “The Gaseous Cementation of Iron and Steel, VI: The 
tu ( the Diffusion of Carbon in Iron,’”’ Carnegie Scholarship Memoirs, Vol. 18, 


W. Bailey and A. M. Roberts, ‘Testing of Materials for Service in High Tem 
Steam Plants,” Proceedings, Institute of Mechanical Engineers, Vol. 22, 1932, 









































































































302 TRANSACTIONS OF THE A. S. M 1, 


(equilibrium) ferrite developed during normalizing is plot 


against 
the percentage of carbon. The total or equilibrium ferr; a 
tially that which is found on thorough annealing. With size of 
the bar chosen, normalizing in still air developed all of ferrite 
up to 0.45 per cent carbon, but above this, silicon-killed steels de 
veloped a decreasing fraction of the total ferrite while the aluminun. 
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Fig. 16-—-Effect of Deoxidation on the Formation of Ferrite During 
Air-Cooling of 4-Inch Bars. 








killed steeis developed essentially all of the ferrite throughout the 
carbon range shown. 

It is not possible to predict the amount of ferrite developed on 
normalizing aluminum-killed and _ silicon-killed steels of the same 
grain-size from the data presented in the preceding section. As 
shown in Fig. 14, aluminum-killed steels form ferrite more rapidly 
at high temperatures than silicon-killed steels, and less rapidly at 
low temperatures; ferrite doubtless forms from austenite over a 
wide temperature range upon cooling during normalizing, and the 
relative amounts of ferrite formed at any one temperature (or small 
temperature interval) would be difficult to predict. An endeavor 
was therefore made to determine the relative amounts of ferrite 
formed during normalizing as compared to that formed during an- 
nealing for several of the steels listed in Table I, with proper regard 
for the effect of grain-size and for the mass of the sample. 

Methods. Cubes were cut from stock of the dimensions /, 
%, 1, and 2 inches. Different austenite grain-sizes were developed 
by heating the steels to different temperatures within the austenite 
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ibsequent to this treatment all samples were allowed to cool 


‘a the furnace to 800 degrees Cent. (1470 degrees Fahr.) and left 


at this temperature for twenty minutes before being removed from 
the furnace and cooled in air. The amount of ferrite formed was 
determined by the method described in the preceding section, as was 


also the austenite grain-size. 


Results 


The results of this study are given in Table IX. The fraction 
of the total ferrite formed on normalizing is represented by the 
Fn 
fraction , where Fn = the amount of ferrite formed on normal- 
Ka 
izing and Fa == the amount of ferrite formed on annealing. 
(he data in Table IX are reproduced in Fig. 17, in which the 
Kn 
fraction is plotted against the number of grains per square inch 
Fa 
at 100 diameters. ‘These curves are parabolic and extrapolate 
smoothly to the origin. When these results are plotted against grain 
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Fig. V7 Effect of Grain-Size and Mass on Ratio of Ferrite Formed 
During Normalizing and Annealing. 


surface area instead of number of grains the curves are straight 
lines (it will be observed that the equation for the calculation of grain 
surface area given early in the paper is parabolic, so that this result 
is not surprising) ; this is illustrated in Fig. 18. This figure shows 
clearly that the grain surface area is the fundamental quantity gov- 








!RANSACTIONS OF THE A. S, 





Table 1X 


Per Cent Ferrite Developed on Normalizing Various Sizes of Cut. 


5 












(Fa) (Fn) 












Per Cent Per Cent (G 

Diameter Ferrite on Ferrite on Grains o 

Steel of Cube Annealing Normalizing Fn/Fa at 100 os 
at 

AP ‘4 inch 39.8 2.2 0.06 ‘ 
AS* % inch 45.9 3.8 0.08 6 
Al 4 inch 19.6 4.0 0.08 P 
AR ‘4 inch 52.3 5.3 0.10 6.1 
AS* ‘4 inch 45.9 7.8 0.17 > | 
AR* 4 inch §2.3 10.0 0.19 28 
Al” ‘4 inch 49.6 10.0 0.20 31.2 
AP* % inch 39.8 22.2 0.56 220.4 
AD % inch 46.8 4.6 0.10 > 
AD “% inch 46.8 6.9 0.15 ‘ 
y A ‘6 inch 51.1 7.1 0.14 6 
\ ‘o inch 50.3 8.5 0.15 f 
\ “4 inch 50.3 7.1 0.14 + Q 
\ % inch 50.3 10,2 0.20 ' 
\ 4 inch 50.3 10.0 0.20 ( 
AD \% inch 46.8 10.5 0.22 be 
\ 4% inch 50.3 15.5 0.31 16.0 
Al 4% inch 50.3 21.2 0.42 29 
xX 4% inch 60.1 29.8 0.50 39.6 
\ “6 inch 50.3 25.3 0.50 46.0 
J % inch $8.0 30.3 0.61 6 
AD M% inch 46.8 29.3 0.63 84.0 
AE* % inch 35.8 26.0 0.73 97.: 
a” “% inch 51.1 43.2 0.85 118.0 $3 
AE* % inch 35.8 30.0 0.84 126.0 { 
AE* M% inch 35.8 36.7 1.03 180.0 
a” “% inch 51.1 51.5 l 









J 1 inch 48.0 7.6 0.16 2.2 
\ 1 inch 50.3 12.5 0.25 2.9 
z* 1 inch 51.1 16.2 0.32 3.4 
q 1 inch 48.0 17.3 0.36 5.8 
Y | inch 50.3 19.4 0.39 7.6 
Y Ll inch 50.3 28.3 0.56 12.4 14 
Y 1 inch 50.3 39.0 0.77 24.6 
Y 1 inch 50.3 50.3 1.00 62.5 








J 2 inch 48.0 19.5 0.41 2.2 

=” 2 inch 51.1 4.0 0.47 3.4 

Y 2 inch 50.3 30.4 0.60 1 

Y 2 inch 50.3 32.5 0.65 6.2 10 
| 2 inch 48.0 35.0 0.73 5.8 ¢ 
Y 2 inch 50.3 50.3 1.00 24.6 19.8 





*Aluminum-killed steels 











erning the amount of ferrite precipitating, as it was also shown to 
be with isothermal transformations. 

Inasmuch as data for both silicon-killed and aluminum-killed 
steels are plotted in Figs. 17 and 18 it is seen that the deoxidation 
practice is unimportant with respect to the fraction of ferrite formed 
on normalizing when comparisons are made on the basis of equal 










grain-sizes or equal grain surface areas: deoxidation practice 1s 
greatly important, however, in determining the austenite grain-size 
fixed by a given annealing treatment and thus for the absolute amount 
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of ferrite developed per unit mass of sample. Thus deoxidation prac 
tice affects the amount of ferrite formed on normalizing only insofar 
as it affects the austenite grain-size. 

This similarity in the behavior of silicon-killed and aluminum 
killed steels doubtless originates in the circumstance suggested at 
the beginning of this section, namely, that the higher rate of ferrite 
formation at high temperatures in aluminum-killed steels in com- 
parison with silicon-killed steels is balanced by the lower rate at low 
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Fig. 18-—Effect of Grain Surface and Mass on Ratio of Ferrite 
Formed During Normalizing and Annealing 


temperatures, so that there is no difference in the final amounts of 
ferrite developed on normalizing. 
The value of the grain-size at which the full amount of ferrite 
Fn 
forms on normalizing, when 1, is of practical importance, 
Fa 
particularly since the amount of ferrite formed during this process 
controls the impact properties, and very likely other properties. 
Uhus, if the maximum grain-size compatible with the full develop- 
ment of ferrite on normalizing is known for a given mass of steel, 
it might be possible to use simple heat treatments rather than to em 
ploy expensive deoxidizers to produce an excessively fine grain. 
With this thought in mind, Table X has been developed, listing the 
maximum grain-sizes for which the full amount of ferrite develops. 
It is evident that the values given in Table X form a geometrical 
progression. The surface area and the mass (in volume) of the 


test piece must control the rate of cooling, and this rate must be pro- 
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Table X 
Edge of Cube 













'4-inch i4-inch l inch 2 inches 








S-—Square inches of grain 
surface at 100 X 107 53.5 26.8 13.4 






















G-—Grains/in® at 100 X 715 179.0 41.5 11.2 











portional to the ratio of surface area to mass (or volume). This 
ratio for the sizes of cubes used is given in Table XI. Comparison 
of the ratio surface area/volume with the value for grain surface 
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Fig. 19——-Relation Between Specimen Size and 
Grain Surface Area Necessary for Complete 
Ferrite Formation. 















Table XI 
Relation Between Surface Area and Volume for Various Sizes of Cubes 






Specimen Surface Area Volume Surface A rea 
Size Square Inches Cubic Inches Volume 
t4-inch cubes 0.375 0.015625 24 
%4-inch cubes 1.540 125000 12 
l-inch cubes 6.000 1.000000 6 
2-inch cubes 24.000 8.000000 3 
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S when 1, as given in Table X, shows that both are 
Ka 

seometric progressions of the same type. Accordingly when these 
two quantities are plotted against each other, a straight line relation- 
ship obtains, as shown in Fig. 19. From this figure values for the 

Fn 
erain surface area for the condition 1 may be read off for 

Fa 
Chis cubes of different sizes, and from the grain surface areas, the more 
ison usual quantity, grains per square inch at 100 diameters, may be cal 
lace culated. Because of this, it is believed that Figs. 18 and 19 should 

prove of practical value. 


Influence of Composition and Deoxidation Practice on Hardenability 


The relationship between the hardenability and the composition 
and grain-size of a steel has been pointed out by Bain,’ who has 
stated that the use of aluminum in deoxidation produces a highly 
reactive steel and therefore a shallow-hardening steel, primarily be 
cause of the effect of the small grain-size which characterizes this 
steel. Bain correlated the hardenability with the rate of pearlite 
formation, but a correlation of this sort may also be made with the 
rate of ferrite formation, for ferrite formation is frequently observed 
in hardenability tests on shallow-hardening steels. For this reason, 
hardenability tests were performed on three silicon-killed and three 
aluminum-killed steels for which data on the rate of ferrite forma 
tion had been obtained. 

Methods. These tests were performed in the standard way on 
l-inch rounds, four to five inches in length. In order to determine 
the effect of grain-size, three different test pieces were prepared of 
each steel, and single bars heated respectively to 800, 900, and 1000 
degrees Cent. (1470, 1650, 1830 degrees Fahr.) for one hour. These 
were then cooled in the furnace to 800 degrees Cent. (1470 degrees 
ahr.) and quenched in ice water. The quenched bars were then cut 
in half by a high speed cutter running in water, and Rockwell “C” 
hardness readings taken along three diameters on the sectioned faces, 
and finally the values at equal radii averaged. 


Results 


The data obtained in this way are given in Table XII and Fig. 









TRANSACTIONS OF THE A. S. M 





Silicon Killed Steels 
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Fig, 20-——Hardness Penetration in 1-Inch Round Bars Heated to Various Tempera 
tures for 1 Hour and Water-Quenched from 800 Degrees Cent 
















20. The hardenability of a steel is usually appraised by a visual 
inspection of curves such as shown in Fig. 20, or by a figure repré 
senting the depth of the hardened zone for a piece of a given diam 
eter. This method is obviously satisfactory for practical purposes 

A semi-quantitative method of evaluating hardenability may 
be derived by calculating the relative areas (or volumes) of the 
hardened and the unhardened portions of the hardenability test speci- 
mens. This has been done for the tests reported here, by dividing 
the cross sectional area into a series of concentric rings and multi- 
plying the area of each ring by the average hardness of the area. 
If we take the maximum hardness (developed on the surface) and 
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Table Xll 
Hardness Penetration in One-inch Round Bars, Heated to Various Temperatures 
for One Hour and Water-Quenched from 800 Degrees Cent. 
Steel X ‘ Steel y Steel AD 
900°C 1000°C, 800° C 900°C 1000°C s00°C 900°C Lodo *¢ 


ROCKWELL “C” HARDNESS 





Table XIII 


Hardenabiiity of One-inch Rounds in Terms of Percentage-hardness 


Observed 
x 100 
signation Maximum Observed Maximum 
f Heating Area of Maximum Rockwell Rockwell Per Cent 
Steel remp. °C, Specimen Rockwell “C”’ Area Area Hardenability 


4é 


X 900 0.786 4.2 42.6 2 
x 1000 0.786 53.6 42.1 37.7 89 


\ 800 0.786 §2.2 41.0 31.7 77.3 


\ 800 786 


$7.2 45.0 ' 84,5 
\ 900 7R6 de® ‘ 
' 


2.0 95.° 

\ 1900 786 43.3 . 95, 
800 786 58, 45.7 . 7 92. 

AD 900 786 
1000 786 


+5. 


800 786 
900 786 
1000 .786 


800 786 
900 786 
1000 J 78H 


800 786 
900 786 
1000 .786 
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multiply it by the area of the test piece, we obtain a pure pumber 
which represents a completely hardening steel. If we now take the 
observed hardnesses multiplied by the areas in which they obtain 

as described above — we obtain a result less than this, and the ratio 
of the observed to the maximum representing a perfectly hardening 
steel, we obtain a quality factor for hardenability, which ma\ 
call “percentage hardenability.”” The results of this calculation are 


shown in Table XIII, with the last column listing the ~ percentage 
hardenability.” 

A relationship between grain-size and percentage hardenability 
may be inferred from this table (the values in the last column jp- 
crease with increasing heating temperature) but the data are too 
meager to attempt any quantitative evaluation. 

It may be seen in the table that the silicon-killed steel X pOs- 
sesses the lowest percentage hardenability, but this steel is too low in 
carbon to be classed as a hardening steel. Excluding this steel, sili- 
con-killed steels harden more completely than aluminum-killed steels 
This is shown more clearly by comparing steel Y which was killed 


with silicon with steel Z which was killed with aluminum: these 


steels were nearly identical in composition, and when both were 
heated in the preliminary treatment to 1000 degrees Cent. (1830 
degrees Fahr.) they were nearly identical in grain-size. The table 
shows the silicon-killed steel Y to be the most completely hardening. 

A comparison of the percentage hardenability values given in 
Table XIII with the characteristic rate constants a and ) given in 
Table VIII shows that low values of a and b run parallel to low 
values of percentage hardenability. It does not seem possible at 
the present time to attach any significance to this apparent rela- 
tionship, chiefly because of the complex nature of the constants 
a and b. 


SUM MARY 


The rates of precipitation of ferrite from austenite at constant 
temperatures between the A, and A, temperatures for different de- 
grees of undercool have been measured for five silicon-killed and 
four aluminum-killed commercial steels ranging in carbon between 
0.33 and 0.50 per cent. The method of manufacture and the com- 
positions of these steels are given. These rates may be described by 
the equation for the rate of a first order chemical reaction, though 
this equation is not strictly applicable in this case. The effect of the 
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193¢ 


method of deoxidation upon the rate of precipitation of ferrite is 
entirely one of controlling the grain-size of the original austenite. 
When this grain-size is large the rate is small and when the grain- 
size is small the rate is large. On this basis, aluminum-killed steels, 
which possess a small austenite grain-size react more rapidly than 
<ilicon-killed steels which possess a large grain-size. When, how- 
ever, the rate of the reaction is expressed in terms of equal grain 
surface areas, the rates are much the same for both silicon- and 
aluminum-killed steels. On this basis, the logarithm of the rate 
constant was found to be a linear function of the degree of under- 
cool. The rate of precipitation of ferrite in silicon-killed steels 
showed a greater dependence upon degree of undercool than in 
aluminum-killed steels; the reason for this is not now clear. At low 
degrees of undercool the rate of ferrite formation is greater in 
aluminum-killed steels than in silicon-killed steels; while at greater 
degrees of undercool the reverse is the case. The mechanism of this 
type of reaction is discussed in detail. It seems certain that the rate 
is not determined by the rate of diffusion of carbon but by the rate 
of ferrite nucleation. 

The ratio of the amount of ferrite formed on normalizing to the 
amount of ferrite formed on annealing has been determined for 
these steels. Differences between silicon- and aluminum-killed steels 
are entirely attributable to the effect of the austenite grain-size ; equal 
grain surface areas in the two types of steel gave the same ratios. 
Data are given for the limiting austenite grain-sizes for the full de 
velopment of ferrite on normalizing for cubes of different sizes. 

Measurements on the depth of hardening on water quenching of 
l-inch rounds of silicon- and aluminum-killed steels have been made. 
lhe effect of deoxidation on the austenite grain-size is shown to be 


the chief factor in determining the hardenability. Hardenability is 


calculated on the basis of hardness areas and the results expressed 
as “percentage hardenability.” 


DISCUSSION 


>». L. Hoyt’: I should like to raise a question in relation to the term 
reactivity or specific reactivity. What is it in terms of some other constant 
like diffusion velocity or reaction velocity? If it could be defined in terms of 
some constant of that kind, it seems to me that it would make it a little easier 
to understand. As for the paper proper, it is extremely valuable to one who has 


rector of Research, A. O. Smith Corp., Milwaukee. 
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to deal with steel products, particularly if the treatments involve }y 
cooling at various rates. Personally, | appreciate having the data 
given, and the very clear-cut way in which the problems involved are. 

Joun Curpman: I should like to express my admiratior 
piece of work, and especially for the conclusion that the effect of 
upon the rate of formation of ferrite is only that which is attributabk 
fluence on grain-size. That conclusion, I believe, differs from the 
view expressed in the recent Campbell Memorial Lecture, and also diff 
what I would have anticipated. I think we can all accept this as a \ 
portant piece of work. 


Reply to Discussion by D. L. McBride 


The dimensions of the specific reactivity constant are per cent ferrit: 
minute per unit grain surface area per degree undercooled. As _ far 


as 


numerical value is concerned it differs for different steels. Using th 


constant for comparative purposes alone, it does have some value, but its ap 
plication to terms of absolute value has no significance. As to Dr. Chipman’s 
comments that deoxidation has no effect upon the relative amount of ferrit 
formed, that is true for steels containing more than 0.30 per cent carbon and 
less than 0.55 per cent carbon. Going beyond that we find that the aluminun 
killed steels do behave just as shown on these curves, even up to 0.55 or 0.60 
per cent carbon, but beyond 0.60 per cent carbon silicon-killed steels begin t 
develop decreasing amounts of ferrite. 


“American Rolling Mill Co., Middletown, Ohio. 





EQUILIBRIUM IN THE REACTION OF HYDROGEN 
WITH FERROUS OXIDE IN LIQUID IRON 
AT 1600 DEGREES CENT. 


By M. G. FonTANA AND JOHN CHIPMAN 


Abstract 


A careful experimental study of the reaction of hy 
drogen with dissolved ferrous oxide in liquid iron has led 
'o the discovery and elimination of a source of error which 
had affected the accuracy of results previously reported. 
lt is found that the equilibrium constant of the reaction is 
a true constant at all oxygen concentrations up to satura 
tion. The results are used to obtain the free energy of 
ferrous oxide at 1600 degrees Cent. (2910 degrees Fahr.). 
Calculations show that the results of this investigation 
constitute a confirmation of Vacher’s experiments on the 
iron-carbon-oxygen system, 


HE reactions involving ferrous oxide in liquid steel are of suf- 
tas importance to justify the expenditure of considerable 
time and effort in determining the exact behavior of this substance 
under conditions of equilibrium. A number of its reactions have 
been investigated in some detail and their equilibrium constants are 
now known with a fair degree of approximation. Among the sim- 
plest and most useful of these studies have been those in which the 
dissolved ferrous oxide was brought into equilibrium with a con- 
trolled gaseous atmosphere as illustrated in the following equations : 


FeO (in Fe) + CO Fe (lig.) + CO (1) 
FeO (in Fe) + H Fe (lig.) + H:O (2) 


Both of these reactions were investigated by Vacher (1)! and 


the second was studied in somewhat more detail by Chipman (2). 


Che figures in parentheses refer to the bibliography appended to this paper 


\ paper presented before the Seventeenth Annual Convention of the Society 
held in Chicago, September 30 to October 4, 1935. This paper is taken from a 
dissertation submitted by M. G. Fontana in partial fulfillment of the require 
ments for the degree of Doctor of Philosophy at the University of Michigan 
Or. Fontana is now assistant metallurgist with E. I. du Pont de Nemours and 
Company, Wilmington, Delaware. Dr. Chipman was Research Engineer, De- 
partment of Engineering Research, University of Michigan, and is now Asso- 
ciate Director of the Research Laboratories, Amercian Rolling Mill Company, 
Middletown, Ohio. Manuscript received May 31, 1935. 
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Although their results were qualitatively similar they lef; 
deal to be desired as to the numerical accuracy of their a; 
Moreover they were chiefly confined to low oxygen conce; 
The present experiments were undertaken for the purpose o| 
the cause of the numerical discrepancies in these two sets of | 
of extending the measurements on Reaction 2 up to the limiti; 


bility of ferrous oxide in liquid iron, 
Metuop AND APPARATUS 


The method employed was similar to that used in both of the 


investigations mentioned above, A controlled mixture of steam and 


Fig. leeSchematic Diagram of Apparatus Used in this Investigation (A) 
Tanks; (B) U ‘Tube; (CC) Furnace; (D) By-Pass Outlet; (CE) Flow Meters; 
Saturator; (G) Saturator; (1H) Heater; (1) Heater; (J) Relief Outlet; (KR) By-Pass Inlet; 
(M) Heater. 


hydrogen was passed over the surface of a small melt of electrolytic 
iron in a closed induction furnace. After allowing sufficient time at 
constant temperature for the attainment of equilibrium the melt was 
cooled and analyzed for oxygen. 

The apparatus is shown in Fig. 1. The hydrogen used was 
ordinary commercial hydrogen obtained in the usual tank cylinders. 
The gas flowed from the tank, A, through a U-tube, B, filled with 
ascarite and through a quartz tube, C, packed with platinized asbestos 
and heated to 500 degrees Cent. (930 degrees Fahr.) in order to 
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-emove free oxygen. From this furnace the hydrogen passed through 
an orifice flowmeter, E, and then through the saturators and into 
the furnace. D is the by-pass outlet that was used while melting ot 
heating the iron under hydrogen, In this case D was connected to 
the inlet K by means of rubber tubing which had a pinch clamp on 
‘+ near D to regulate the flow of gas. 

The preliminary saturator I* consisted of a liter side-arm flask 
partially filled with water and heated by a resistance heater to ap 
proximately the same temperature as the saturator G. The latter 
consisted of three vertical towers, the first two packed with broken 
class and the third empty to serve as an entrainment separator, This 
assembly was made of pyrex glass and was welded together so that 
no rubber connections were necessary. It was immersed in a 
thermostat consisting of a large battery jar, which was filled with 
transformer oil. ‘The oil was vigorously stirred by means of an im 
mersed paddle which was driven by an electric motor, The outside 
of the jar was well insulated to cut down the heat loss and to insure 
better temperature control. The heating coil had a variable resist 
ance in series by means of which the temperature was manually con 
trolled to less than = O.1 degree Cent. ‘The temperature was 
measured by means of a 40-100 degrees Cent. (105-210 degrees 
ahr.) thermometer calibrated against a standard thermometer from 
the U. S. Bureau of Standards. 

The performance and efficiency of the saturator under various 
conditions were checked by passing the gas mixtures through a 
weighed tube containing dehydrite and phosphorus pentoxide to ab 
sorb water which was determined by the gain in weight. ‘The hydro 
gen was collected over water and determined volumetrically. ‘The 
saturator temperature, the flask temperature, the rate of hydrogen 
flow and the conditions in the entrainment chamber were varied. 
he results showed complete saturation under all of these conditions 

lig. 2 shows a section of the furnace set-up used in the equi 
librium work, The silica tube was surmounted by a brass head which 
was cemented securely with zinc cement. The sight glass was of 
pyrex and was held loosely in position by means of a slit brass ring. 
One turn of previously burned asbestos cord served as a gasket. 
(his arrangement also provided a safety valve to take care of any 
explosions that might have occurred in the furnace. The sight glass 
was raised from the furnace head proper by means of a brass tube 
extension which was water cooled to prevent fogging of the sight 
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glass which otherwise would have been a source of troub| 





here W 

was not sufficient cooling, however, to cause condensation © water a 
vapor. F 
The iron was melted in a magnesia crucible which rested oy h 
magnesia base. lor certain runs in which the crucible containing 
the liquid iron was to be quenched directly into a bath of tin or water V 
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thia Investigation, 
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the base was not used. For these runs the crucible was formed with 






a lower projection which fitted directly into the supporting tube. A 
crucible of this type is shown in the extreme left of Fig. 3. A soft 
brick washer was used to separate the crucible from the porcelain 
tube to avoid overheating the latter and so that it would not crack 
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when it was immersed into the water, The base and several crucibles 


are shown in Fig. 3. The chromium heater, which will be discussed 


later, rested directly on the crucible as shown in lig, 2. The heater 


| an elliptical hole in it through which the sillimanite inlet tube 


hat 
passed and through which the optical pyrometer was sighted. The 


whole internal furnace set-up was supported trom the bottom by 


means of a porcelain tube. The seal between the furnace bottom and 


Fig, 3—Typical Crucibles and Ingots Used in this Investigation 


the supporting tube was made with asbestos cord. An asbestos 
washer was placed between the brass bottom and the quartz tube. 
the power for the 20-turn induction coil was furnished by a 35 Kva. 
high frequency converter. The temperature of the chromium heater 
was varied by raising or lowering its position with respect to the 
top of the induction coil. 

Magnesium oxide was used for the manufacture of the crucibles 
because it is not easily reduced and possesses the very desirable 
property of absorbing several times its own weight of iron oxide 
without seriously impairing its use as a refractory. Beryllium oxide 
was tried and gave more satisfactory results than magnesium oxide 
but its high cost precluded its extensive use. A mix consisting of 
one part of ball-milled powder and two parts of 60-mesh yielded the 
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best crucibles. The crucibles were formed dry by tampin 
graphite mold around a steel core. After removing the core a: 
ering each mold with a graphite top seven of the crucibl 
simultaneously fired in an induction furnace to about 2000 | 
Cent. (3630 degrees Fahr.). Crucibles produced in this manner wer, 
easily made, were hard and dense, and possessed remarkable strength 

The electrolytic iron which was used throughout this investiga 
tion was first melted and cast into 0.9-inch round bars. Pieces o{ 
these bars weighing about 50 grams were each melted in a crucible 
under a pressure of 0.05 millimeters or less. The crucible con. 
taining its vacuum-melted charge was then used for an equilibrium 
run. The reasons for vacuum melting were to remove nitrogen and 
carbon and to prepare a charge of iron that could be readily melted 
down without great danger of bridging or of overheating the chro- 
mium heater. After the equilibrium run “pie slices” were cut from 
the ingot and analyzed for oxygen in an improved vacuum fusion 
apparatus. This is unquestionably the best method for determining 
oxygen in ingots of this type. Ingots and the manner of sampling 
are illustrated in Fig. 3. 

The temperature of the liquid iron was measured by means of 
an optical pyrometer of the disappearing filament type which was 
sighted through a prism and the sight glass in the furnace head. This 
previously calibrated instrument was checked during each run by ob 
serving the melting point of iron by reducing the power input into 
the furnace so as to cause a slow solidification of the metal. The 
melting point of iron containing low oxygen was taken to be 1530 
degrees Cent. (2785 degrees Fahr.) while that of iron saturated, or 
nearly saturated, with oxygen was assumed to be 1525 degrees Cent. 
(2775 degrees Fahr.) as reported by Tritton and Hanson (3). The 
measurement of the temperature of the liquid iron represents the 
greatest source of uncertainty in this work. The temperature of the 
melt was regulated by carefully controlling the power input to the 
furnace. Practically all of the experiments were made at 1600 de 
grees Cent. (2910 degrees Fahr.), but for those runs made in the 
neighborhood of that temperature the equilibrium constant was cor- 
rected to 1600 degrees Cent. (2910 degrees Fahr) by means of the 
approximate temperature coefficient for the reaction as observed by 
Chipman (2). 

Early developments during this investigation indicated that the 
degree of preheating the gases had a decided effect upon the equt- 
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librium as will be explained below. The preheating arrangement is 
partially shown in Fig. 1. The first three heaters H, I, and M con- 
-isted of chromel wire wound around the tubing. M was covered 
with transite and kept at a red heat. The sillimanite inlet tube con 

tained a platinum coil as shown in Fig. 2. The temperature of the 
coil was determined by measuring its resistance, and calibration by 
this method gave the average temperature of the coil. The chromium 
heater as shown in Fig. 2 heated the upper portion of the crucible 
and part of the exit end of the inlet tube. The temperature of the 
heater was estimated to be 1000 degrees Cent. (2910 degrees ahr. ) 
during the run, The gases were also preheated by radiation from the 
liquid metal itself. 

Chromium was chosen for the,.construction of the heater be 
cause of its high melting point and good resistance to oxidation. 
Considerable trouble was encountered before a sound and easily 
machinable casting was produced. Several molds and molding ma- 
terials were tried with poor success before the mold that yielded 
good castings consistently was devised. This consisted of a two-piece 
steel mold with an inverted magnesia crucible for a core. The cruci- 
ble was held firmly centered by means of a screw and a hole in the 
mold allowed the expanding gases in the crucible to escape. Electro- 
lytic chromium was used and it was melted in a 400-gram induction 
furnace constructed especially for that purpose. A graphite heater 
was first tried but it caused considerable fogging of the sight glass 
and also reacted with the water vapor present to form carbon 
monoxide. The absorption of this gas by the melt resulted in hol- 
low ingots with low oxygen contents. 


PROCEDURE 





The hydrogen train and the saturators were thoroughly flushed 
out with purified gas for about two hours before the power was 
turned on to the furnace. The furnace was flushed out with hy- 
drogen for at least fifteen minutes before the heating of the metal 
began. The iron was sometimes melted under hydrogen and some 
times under saturated, or partially saturated, hydrogen. After the 
iron had completely melted, the power input was reduced and the 
melting point of the iron determined during its slow solidification. 
(he power was then increased and the hydrogen was passed through 
the saturator at the desired rate of flow. The beginning of the run 
was marked by the time when the furnace temperature “settled 
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down” at 1000 degrees Cent. (2910 degrees Fahr.) and the ry 
continued for about 45 minutes. 

The iron was cooled in position in the furnace by simply 
ing off the power or it was quenched for a more rapid rate of co 
The time required for solidification in position was about fiftee: 
onds and most of the ingots were cooled in this manner. S 
attempts were made to lower the crucible into a bath of liquid t; 
contained in the bottom of the furnace, but they were not completel 
successful. The most rapid cooling was obtained when the crucible 
was lowered directly into a large bath of water at the end of the 
run, The furnace power was not turned off during this operation 
and the time required to get the crucible completely immersed. jy 
water was only about one second. The crucible was lowered ver 


tically into the water so that the metal would not run out. 


EXPERIMENTAL RESULTS 


\ total of forty ingots were prepared during this investigation 
and a summary of all of the data that are considered reliable is 
shown in Table I. Since a large part of this work was concerned 
with developing a furnace set-up and technique, some of the runs 
were made to determine the effects of variables in the procedure and 
their results are not included in determining the equilibrium con 
stant. In addition, several ingots were rejected because of uncertain 
temperature measurement chiefly due to fogging of the sight glass 
Several were discarded because of air leaks as evidenced by high 
nitrogen content (0.002 per cent or higher) of the ingot, and others 
because of carbon monoxide evolution resulting in hollow ingots in 
the runs wherein the graphite heater was used. 

The second column of Table I gives the ratio of steam to 
hydrogen in the furnace as computed from the barometric pressure 
and the vapor pressure of water in the saturator, and corrected tor 
the small deviation of steam from the ideal gas law. The third 
column gives the temperature during the final 30 to 45 minutes of 
‘ach run. The fourth contains the average of duplicate or triplicate 
oxygen determinations. 

The equilibrium constant of Reaction 2 may be most simply 
expressed by the following equation: 
(H:O) 





(H:) (% O) 
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he observed value of K’ is recorded in the fifth column of the table 
Lil 
while the sixth shows the constant corrected to 1600 degrees Cent. 


10 degrees Fahr.) by means of the approximate temperature 


ee n . 
efficient previously established (2). Phet@Biumn contains data 


sto the method of preheating the gas stream which will be discussed 


the following paragraphs. 


Table I 
Heats and Equilibrium Data 


remp Per Cent K\’ 
( Oxygen Observed KK’ 1600 Preheat 


1620 0.061 4.25 
1620 0.0605 4.00 ee 
1625 0.068 3.82 23 
1620 0.030 4.10 +3 
1600 0.211 — oe 
16900 0.062 4.20 
1590-95 0.063 4.16 
1600 0.067 3.94 
1600 0.060 4.31 
1605 0.222 3.82 
1600 0.184 4.10 
1600 9.188 3.84 
1600 0.190 3.98 
1600 0.215 <r 
1600 0.196 wes 
1600 0.200 eae 
] 1600 0.162 4.14 
0.715 1595 0.196 3.66 
0.829 1605 0.209 3 96 


Ss 


i fl fl le fl 


*Quenched in tin. 
*"Ouenched in water. 
**See Fig. 4. 


Effect of Preheating the Gases on the Equilibrium 


lhe results of a series of experiments carried out during this 
investigation showed that the degree of preheating the gases had a 
decided effect upon the equilibrium. These experiments were 
prompted by the existence of several apparent anomalies. ‘The first 
was that the preliminary runs at low oxygen concentration did not 
check the previous results obtained in this laboratory in that our new 
results showed appreciably lower values for the equilibrium constant. 
he second was that the observed ratio of steam to hydrogen was 
consistently higher than that calculated from the ratio CO,:CO as 
tound by Vacher and Hamilton (4) in equilibrium with iron of equal 
oxygen content. Our suspicions were further heightened by the 
surprising results reported by Emmett and Shultz (5) in which they 
observed a thermal separation of steam and hydrogen even in a flow- 
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ing system and at temperatures considerably below the m 
of iron, 
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The hypothesis presented by the writers (6) to exp! 
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served phenomenon is based on the well known concentra: rad; 
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Fig. 4—Relationship Between Steam Hydrogen 
Ratio and Oxide Content of the Melt. 








ular weights of the gases mixed, the more pronounced the “segrega 
tion” should be for a given temperature gradient (7). This effect 
should be quite pronounced, therefore, in the system H,-H,O-liquid 
Ke but should not offer appreciable interference in the system CO,- 
CO-liquid Fe. When the preheating of the gases is accomplished 
only by radiation from the liquid iron, a large temperature gradient 
will exist in the region adjacent to the iron and considerable thermal 
diffusion will occur. For a given ratio of H,O:H, the concentra- 
tion of H,O will be greater in the colder region or the region further 
from the melt, whereas the hydrogen would tend to diffuse towards 
the liquid metal, and the ingot would, therefore, contain less oxygen 












than 
The 
ence 
sam 
met 


on { 


rer con 


nik lee 


segrega 
is effect 
)-liquid 
m CO,- 
iplished 
rradient 
thermal 
icentra- 
further 
towards 


oxygen 


HYDROGEN AND FERROUS OXIDE IN IRON 323 


than it would contain if there were no “segregation” of the gases. 
rhe ideal conditions, or those which would be conducive to the exist 
ence of true equilibrium, would be attained if the gases were at the 
came temperature as the metal when they came in contact with the 
metal. Eastman and Ruben (8) have recently upheld our views 
on thermal diffusion in a dynamic system. 

It should be possible to diminish the temperature gradient and 
thereby also the amount of thermal separation by preheating the 
eas stream as it approaches the hot metal surface. The preheating 
due to radiation from the liquid iron will be more efficient the lower 
the lineal velocity of the gases. The reason for the lower results in 
this work when compared to those previously reported for a given 
rate of flow and ratio H,O:H,, can thus be explained by comparing 
the sizes of the inlet tubes. In the former investigation a 3-milli- 
meter diameter inlet tube was used, whereas we used a 7-millimeter 
tube, thus obtaining lower velocity of flow, better preheating of the 
vases and attendant higher oxygen contents of the ingots. Vacher 
used a lower rate of flow and a larger tube and obtained still higher 
oxygen contents. 

lhe results of the heats which were made to determine the effect 
of preheating the gases are shown in Table Il. The amount of pre- 
heat was varied by using the chromium heater described above and 
the platinum resistance heater inside the inlet tube. The tempera 
tures of the chromium heater are estimates. The results indicate 
that the effect is greatest in the first stages as the preheating in- 
creases. Decreasing the rate of flow from 300 cubic centimeters of 
dry hydrogen per minute to 200 cubic centimeters has a slight effect 


upon the constant. It is believed that the preheating in experiments 
52 and 53, especially the latter, has been sufficient to largely eliminate 


Table Il 
Equilibrium at 1600 Degrees Cent and 0.005 Per Cent Oxygen 


(H,O) 
Flow Pt. Coil 
(Hy) X %O ec/min, Temp, °C Preheat Conditions 


75 300 3 mm, tube 

58 300 cain a 7 mm. tube 

.33 300 1170 No Cr heater 
.23 300 1320 No Cr heater 
4.20 300 1170 Cr heater 1500° 
4.04 300 1170 Cr heater 1600° 
3,94 200 1170 Cr heater 1600° 
4.31 450 1050 No Cr heater 


rence (2), 
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the source of error due to thermal diffusion. Subsequent | were 


made at a rate of flow of 200 cubic centimeters per minute under 


conditions similar to heat number 53. 


The Criteria of Equilibrium 





In addition to reaching a constant value of K’ after sufficien 


preheating of the gases had occurred, another criterion oj equi 


librium was that the oxygen content of the iron reached a constay 











and reproducible value at a constant steam-hydrogen ratio. In the 
previous investigation it was found that 15 minutes was sufficien 
time to secure equilibrium for the oxygen concentrations of 0.0] 
and 0.11 per cent on which the effect of time was investigated, This 
rapid attainment of equilibrium is doubtless chiefly due to the fact 
that the iron is constantly and vigorously stirred in the high fr 
quency induction furnace. 


Most of the heats in this work were run for about 45 minutes 









under constant temperature, preheat, flow and steam-hydrogen ratio 
At high concentrations of oxygen in the iron, the iron oxide reacts 
with the magnesia crucible and some of the oxygen is removed from 
the melt. This fact had to be considered in the ingots that wer 
nearly saturated with iron oxide. An examination of the pieces oi 
crucible in Fig. 3 will show the attack on the crucible by the oxide 
from the melt. If this reaction occurred continuously, equilibrium 
would never be obtained because oxygen would be continually re 


moved’ from the metal. 













This condition, however, is not probabl 
because of the sharp temperature gradient that exists between the 
liquid iron and the crucible. After some attack has occurred th: 
outer surface of the slag layer solidifies and further slag formation 
is stopped. Examination of a high oxygen ingot after a run will 
support this contention. The surface of the crucible adjacent to the 
iron is bright and shiny and the ingot does not stick to the crucible 
wall, 

Two runs were made to be sure that the attack on the crucible 
did not affect the equilibrium under the conditions of our exper! 
ments. Heat No. 69 was run for almost two hours and allowed to 
solidify in position in the furnace. This ingot contained about 0.- 
per cent oxygen. Examination of Fig. 5 will show the results on 
this run. It will be noticed that the constant is below the line drawn 


for K’ thus indicating a higher oxygen content. This shows that 
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the effect of the crucible attack, which tends to lower the oxygen 
ontent, has not affected the result in this case and probably has 
Ct ’ ’ . 


been entirely eliminated in all of the heats made. Heat No. 70, 
which was quenched in water, was run for 1/4 hours to yield an 
ingot of 0.21 per cent oxygen and also shows good agreement with 
the 45 minute runs. 

The effect of the oxygen content of the charge on the equilibrium 
was investigated by approaching the equilibrium with higher oxygen 
and lower oxygen melts. This was done by subjecting the melt to 











10 +2 14 16 18 
Per Cent Oxygen 


Fig. 5—Equilibrium Runs at Various Oxygen Concentrations 


a higher, or lower, steam-hydrogen ratio for some time before the 
desired ratio was maintained. Our experience showed that any 
effects due to this procedure were entirely eliminated during the 45 
minutes allowed for each run under constant conditions. 


Nature of the Solution of Oxygen in Iron 


The completely straight line relationship between the steam- 
hydrogen ratios and the ferrous oxide content of the melt as shown 


in Fig. 4, affords a more rigorous proof than was formerly obtained 


that the oxygen dissolved in the liquid iron is present as an oxide 
containing one atom of oxygen. It also demonstrates that the solu- 
tion of iron oxide in iron conforms more nearly to the ideal solu- 
tion law than was previously reported. 

An indication of the solubility of ferrous oxide in iron can be 
obtained from an examination of Fig. 4. At steam-hydrogen ratios 
higher than the ratio corresponding to about 1 per cent ferrous 
oxide, considerable ferrous oxide was ejected from the melt during 
solidification, Using ratios even as high as 1.4, the ferrous oxide 
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content of the ingot refused to exceed 1 per cent. The fa 


it the 

ferrous oxide content consistently stayed between 0.9 and {| 0 per 

cent may be considered as an indication of the maximum solubility 

of ferrous oxide in iron at the melting point. Tritton and anson 

(3) report 0.21 per cent oxygen (0.94 per cent FeO) as the soly- 
Wi ‘ . lt] : eter fC neeinaiinn oe SE 

bility at the melting point. Herty (9) reports 0.22 per cent oxygen 


(0.98 per cent FeO). These figures are in good agreement with the 
data shown in Fig. 4. Herty reports the solubility of oxygen at 1600 
degrees Cent. (2910 degrees Fahr.) as 0.305 per cent and Kérber’s 
(10) corresponding result is 0.325 per cent. This means that con 
siderable ferrous oxide has to be thrown out of solution before the 
ingot solidifies in order to show only 0.21 per cent oxygen. The 
speed with which ferrous oxide is ejected as the melt cools is amaz 
ingly rapid since the time required for solidification of our ingots 
was very short as stated above. Confirmation of our conclusion that 
the excess ferrous oxide is thrown out of solution on cooling to the 
melting point was found in the microscopic examination of several 
of the ingots. 


The Nature of Iron Oxide Inclusions in Iron 





The large amount of ferrous oxide that is thrown out of solu 
tion as the melt cools, coalesces rapidly and tends to rise to the sur- 
face. Fig. 6 shows oxide inclusions near the top of heat 40, None 
of these large inclusions were found in the lower portion of the 
ingot, even though the time required for solidification from 1600 
degrees Cent. (2910 degrees Fahr.) was only about twenty seconds 
Note the very large inclusion that was trapped just as it reached the 
surface. Fig. 7 was taken on the middle of heat 70, and shows that 
the inclusions had formed but did not have time to rise to the sur 
face. This ingot was quenched in water, and was probably com- 
pletely solid in less than three seconds. 

Although oxygen in liquid iron is always present as ferrous 
oxide, Figs. 6 and 7 show a duplex structure, which indicates the 
presence of another constituent. Chaudron (11) and Pfeil (12) 
have shown that ferrous oxide partially decomposes during cooling 
as follows: 
4FeO = FeO, + Fe 





The ferrous oxide first becomes saturated with Fe,O,, and then 
ejects it as a separate phase as shown in the two figures. The dark 
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areas within the inclusions are probably Fe,O, containing 
iron. ‘The grey areas of the inclusions are probably FeO 
with Fe,O, and iron. 


‘THERMODYNAMIC CALCULATIONS 


Effect of Oxygen Concentration on the Equilibriv 
and the Activity of Ferrous Oxide 


Fig. 5 shows that the equilibrium constant for the reactio) 
studied does not vary with the oxygen content of the iron. The con 


stant plotted is: 
(H.O) 


(H.) (% O) 





The line represents a value of 3.95 for K’ which was calculated as 
an average of the points shown except 51 which did not have sui 
ficient preheating of the gases. The constant may be considered 
accurate to better than + 0.2, or about + 5 per cent. 

The fact that K’ does not vary with oxygen concentration 
indicates that the reaction behaves according to the simple mass law 
The activity of ferrous oxide is proportional to its concentration in 
the solution and this holds true not only in dilute solutions, as has 
been previously supposed, but also in all ranges of oxygen concen 
trations up to and including saturation. In the earlier work it was 
found that the equilibrium constant for the reaction decreased con 
siderably with increasing oxygen concentrations indicating that th 
activity of the ferrous oxide did not increase as fast as the increase 
in ferrous oxide content of the melt. This apparent deviation 0! 
the behavior of the reaction from the laws of the ideal solution mad 
it imperative, of course, that the activity of ferrous oxide, and not 
its concentration, be used when applying the mass law to reactions 
involving dissolved ferrous oxide. To facilitate this, a table ol 
activity coefficients was deduced from the equilibrium measurements 
Fig. 5, however, shows that the activity of ferrous oxide is equal to 
its per cent by weight at all concentrations. The per cent by weight 
will, therefore, be used in subsequent calculations. 

Vacher (1) prepared four ingots by subjecting iron at 1580 
degrees Cent. (2875 degrees Fahr.) to a mixture of steam and hy 
drogen. Our results, allowing for the difference in temperature, are 
well within the range of his observed equilibrium constants. 
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HYDROGEN AND FERROUS OXIDE IN IRON 
The Free Energy of Ferrous Oxide in Liquid Iron 


From the equilibrium data obtained during this investigation, 
the free energy of ferrous oxide in liquid iron can be calculated. 
lf we let the activity of liquid iron be equal to 1, and that of dis 
<olved FeO be equal to its percentage, we may define the equilibrium 
constant for the reaction as 

(H.O) 
K 


(Hz) (% FeO) 


rhis constant is directly related to the standard change of free energy 


for the reaction. The relationship is : 
AF* RT Ink 4.575 T log K 


where AF° is the change in free energy in the reaction when each 
substance is in a standard state (that is, when its activity ih. 2 
is the temperature in degrees Kelvin (absolute) and In K and log 
K are the natural and ordinary logarithms, respectively, of the equi- 
librium constant of the reaction. 

The expression for K is similar to that used above for WK’, 
except that we are now expressing oxygen content as per cent FeO 
instead of per cent oxygen. K is, therefore, equal to KX’ /4.49, the 
average value of which, as found in Table I, is 0.88 at 1600 degrees 
Cent. (2910 degrees Fahr.), or 1873°K. The change in free energy 
for the reaction is, therefore : 


FeO (% in Fe) + Hs: Fe (1) + H.O; AF’ srs 480 cal. (3) 


[he free energy of steam at this temperature quoted from the 
previously published work (13) is: 


H: + YO. = HsO(g) : AF sss = —34260 cal. (4) 


By combining Equations 3 and 4, we obtain the tree energy ot torma- 
tion of dissolved ferrous oxide at 1600 degrees Cent. (2 


Fahr.): 


910 degrees 


Fe (liquid) + 40, = FeO (% in Fe) ; AF ss: 34740 cal. (5) 
The Free Energy of Liquid Ferrous Oxide 


lt is desirable to know the free energy of pure liquid terrous 
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June 







oxide for thermodynamic calculations on slag reactions. 




















may 
justly assume that the free energy of liquid ferrous oxide is Fae 
mately equal to its free energy in the saturated solution. solu- 
bility of ferrous oxide in iron at 1600 degrees Cent. (2910 degrees 
Fahr.) from the data of Herty (9) and of Korber (10) is 1.35 per 


cent. The change in free energy in going from a 1 per cent solution 
to a 1.35 per cent solution is 4.575 T log 1.35. This may be repre- 
sented as follows: 






FeO (1% in Fe) = FeO (1.35% in Fe) ; SF °isis = 1120 cal. 


(OH) 





Now Equations 5 and 6 may be combined to obtain a figure which 
represents the free energy of FeO in the saturated solution, and 
which, therefore, is very close to the free energy of pure liquid fer. 
rous oxide. 


Fe (liquid) + %0.2= FeO (liquid) ; AF °ss:s = —33620 cal. 


The Carbon-Oxygen Equilibrium in Liquid Iron 





Because of its fundamental importance, the carbon-oxygen equi- 
librium has been the subject of many investigations. The reaction 
and its equilibrium constant are obtained by combining Equation 5 
with the following equations and free energy values at 1600 degrees 
Cent. (2910 degrees Fahr.), which were derived in the previous 
work (13). 












C (graphite) + 402= CO; AF °ss:s = — 65,870 cal. (8) 





C (graphite) = C (% in liq. Fe) ; AF°isss = —12,340 cal. (9) 


The results of the combination are: 










Fe (1) + CO = FeO (% in Fe) + C (% in Fe) ; 


AF * ss:3 — +-18,790 cal. (10) 





The equilibrium constant at 1600 degrees Cent. (2910 degrees Fahr.) 
is then: 


(per cent FeO) (per cent C) 
(CO) 


= 0,006 


This result is in good agreement with Vacher’s (1) expeti- 
mentally determined value of 0.010 which perhaps represents the 
best experimental research on the carbon-oxygen equilibrium. It 
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‘s of interest to note that the calculated and experimental values of 
this constant are becoming more nearly equal. Of course, the ex- 
perimental value should be given preference. 


The Water Gas Reaction 


The equilibrium constants for the reactions represented by 
equations (1) and (2) can be expressed respectively as follows: 


(CO:) (Fe) (H:0) (Fe) 
and Kz 


(CO) (FeO) (H:) (FeO) _ 


If we divide K, by K,, we get the equilibrium constant, K,, for the 
water gas reaction thus: 


(H:0) (CO) 


CO. + H: = CO + H:.O; K; = ————_- 
(H:) (COs) 


(11) 


The above constants are expressed differently than K’ in order 
that they may be directly compared to previously published data 
wherein the mol fractions of the reacting substances have been em- 
ployed in the expressions for the equilibrium constants. 

Let us calculate the equilibrium for reaction (11) using Vacher’s 
data on the Fe-O-C system and the authors’ data on the Fe-O-H 
system. Vacher reports 27.0 as his best value for K, at 1580 de- 
grees Cent. (2875 degrees Fahr.) at which temperature his work 
was carried out. Since the temperature coefficient for this reaction 
is not well known in this range, we will convert the data for K, to 
1580 degrees Cent. (2875 degrees Fahr.), using the temperature 
coefficient referred to above. The corrected value for K’ at 1580 
degrees Cent. (2875 degrees Fahr.) is 3.62. When the ferrous oxide 
concentration is expressed as mol fraction rather than as per cent 
oxygen, the value for K, at 1580 degrees Cent. (2875 degrees Fahr. ) 
then becomes 103.5. 

Dividing K, by K,, we get a value of 3.83 for K,, the equi- 
librium constant for the water gas reaction. Bryant (14) reviewed 
all of the published data on this reaction and computed the equi- 
librium constants at temperatures up to 1527 degrees Cent. (2780 
degrees Fahr.). Extrapolation of Bryant’s data over the short 
interval to 1580 degrees Cent. (2875 degrees Fahr.) yields a value 
of 3.82 for K,, which is in remarkably close agreement with the 
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value of KX, calculated above directly from experimental dat: 
ever, Bryant has recently recalculated the values for K,, usi 











ular heats calculated from spectroscopic data up to 2000 His 
new value for Kk, at 1580 degrees Cent. (2875 degrees Fahr.) ;. 
4.07, which is entirely within the range of experimental error of this 
work. The agreement between the reported value for the water gas 
constant and that obtained from the experimental data of Vacher and 
of the authors, may be considered substantial evidence of the relia 


bility of both investigations. 


SUMMARY AND CONCLUSIONS 


An experimental study of equilibrium in the reduction of dis- 



























solved ferrous oxide by hydrogen at 16000 degrees Cent. (2910 de 
grees Fahr.) has led to the following conclusions: 

The equilibrium constant is independent of the oxygen con 
centration, and the activity of ferrous oxide dissolved in liquid iron 
is, therefore, proportional to its per cent by weight. 

An unsuspected source of error in previous work has been dis 
covered and corrected, thereby changing the value of the constant 
from 4.75 to 3.95. 

The free energy of formation of ferrous oxide in a | per cent 
solution in liquid iron has been determined to be —34,740 calories 
at 1600 degrees Cent. (2910 degrees Fahr.). 

The value of the carbon-iron oxide product at equilibrium in 
liquid iron has been calculated to be 0.006, which is considered a 
confirmation of the experimental value, 0.010. 

The value of the constant of the water gas reaction found by 
combining the present data with Vacher’s work is in agreement with 
that obtained from other sources. 
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-r cent DISCUSSION 

alories Written Discussion: By H. C. Vacher, assistant scientist, National 

bureau of Standards, Washington, D. C, 

ium in lhe authors have shown how careful and judicial experiments will lead 

ered a ultimately to'an explanation of numerical discrepancies. If this work had not 
been done the accuracy of the equilibrium constants for the reactions of ferrous 


oxide with carbon monoxide or hydrogen, reactions 1 and 2, page 313, would 
ind by have been questionable and the choice of the best value would be a matter ot 


it with pinion. As it is now, the equilibrium constants for both reactions are estab- 


lished firmly and in good agreement with reliable data for the avater gas con- 
tant. The effect of thermal diffusion in gas mixtures within a temperature 
gradient on the values obtained for K’ is surprising and important. It means 


his source of error must be considered in future work where hydrogen is a 
Stand reactant 


Written Discussion: J]. B. Austin, Research Laboratories, U. S. Steel 
am and orp., Kearny, N, J. 
american Or all the useful conclusions reached by Messrs. Fontana and Chipman, 


1 Steel the most gratifying is that ferrous oxide forms an ideal solution in liquid iron, 
qa oree Pre F 


indicates that, just as in the case of gases, these metal systems approach 
Liquid ideality at high temperatures, a fact which greatly simplifies many calculations 
urgical dea with metallurgical reactions. 


should also like to comment on the unusual development of this con- 
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4 


clusion. Ordinarily, the more refined the investigation of a syste; 
evident becomes the deviation from ideal behavior, but in the 


the elimination of errors has revealed a closer approach to ideal — 
exceedingly careful work reported in this paper leaves no room to ‘a the 
fact that the simple mass action law holds with considerable accu for th 
reaction between hydrogen and ferrous oxide. 

Written Discussion: By D. L. McBride, Research Engineer. sethle- 


hem Steel Company, Johnstown, Pa. 

The present paper makes a very significant contribution to Dr. ( hipman’s 
original paper on the “Application of Thermodynamics to the 
Liquid Steel.” Because of lack of data, it was necessary to 
solution behavior in establishing several of the free energy 


Deoxidation o; 
assume perfect 
equations and 
equilibrium constants. This assumption was unreliable in view of the fact 


that Dr. Chipman has found that a solution of FeO and liquid iron was not a 
perfect solution, but that the activity of FeO decreased with increasing con- 
centration. It is indeed gratifying to find that Fontana and Chipman, by an 
improved experimental technique, have found that FeO and liquid iron Sore 
an ideal solution, and that the activity of FeO is equal to the mol fraction 
even up to saturation. 

The correction introduced into the original equilibrium constants, involving 
the various deoxidizers and FeO, by the more accurate determination of the 
free energy of formation of FeO is not appreciable. The deoxidation con- 
stants, as given in the original paper, are not materially altered as may be seen 
by comparing the values for the carbon-FeO reaction given in the previous 
and present papers. 


Peomoud Beem ....sa.biasces (C) (FeO) 1600°C. = 0.005 
I ee oe ae (C) (FeO) 1600°C. = 0.006 


























The other deoxidation constants as originally given may be used without 
introdueing any significant error. 

However, in my mind, the importance of this work on the FeOQ-O-H sys- 
tem is not the accuracy of the results obtained but is the verification of the 
ideality of a solution of FeO in liquid iron. With this condition experimentally 
established, it is now possible to make calculations involving slag-metal reac- 
tions with a greater degree of reliability. It will now be possible to calculate 
the activity of the FeO in the slag from the activity of the FeO in the metal 
by means of the Nernst distribution coefficient according to the following re- 
lationship : 


“FeO in slag == m = k 
“Oxygen in metal N 


Since the value of k, the distribution coefficient, is known from the work of 
Herty,’ it is readily possible to calculate the activity of the FeO in the slag 
if the concentration of the FeO in the metal is known. If the activity. of the 
FeO in the slag can be determined in this way, it should be a simple matter to 
determine the effect of the various components of acid and basic slags on the 
activity of the FeO. Only when these effects and their temperature coefh- 
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ents are known will the whole field of slag-metal reactions involved in ferrous 
metallurgy be on a precise and practical basis. 

The authors are to be congratulated on their efforts to hasten the time 
when steel-making will be on a truly scientific basis. 


Oral Discussion 


Dr. C. H. Herty, Jr.:* I do not believe it has been more than seven or 
eight years since the opinion was current at various metallurgical meetings 
that it was too much to expect that open-hearth slag-metal reactions could be 
attacked from the physico-chemical standpoint, because the slag was a concen- 
trated solution, and the high temperatures involved made it extremely difficult 
to do proper experimental work. In this paper it is very interesting to know 
that Dr. Chipman and Dr. Fontana, by attacking the oxygen in iron problem 
from a gas metal reaction found a value of 0.95 per cent for the solubility of 
FeO in liquid iron at the melting point. Some time ago in our work at Pitts- 
burgh, using a slag-metal reaction instead of a slag-gas reaction, we found a 
value of 0.94 per cent which is a remarkable check when you consider that two 
different methods of attack were used, and is indicative to me that we can go 
ahead without worrying about methods of attack. 

Another example which comes closer home to the open-hearth man is this 
question of the carbon-iron oxide reaction. In 1929 at the Advisory Board 
Meeting in Pittsburgh, we gave a value for the carbon-FeO equilibrium in the 
open-hearth, as determined from carbon, and FeO determinations of the liquid 
steel during the refining period, of 0.011. Later on Vacher working with pure 
materials in an induction furnace arrived at a value of 0.010, and now Chipman 
and Fontana give us 0.006 as a value. In other words, all of this indicates 
that this business of trying to find out what is going on is not so very difficult 
after all, except that you have to be patient with these high temperature experi- 
ments. 


Authors’ Reply 
By John Chipman 


When discussing Wiistite we are dealing with a solid solution which is on 
the high oxygen side of FeO. It would be very difficult to estimate the activ- 
ity of FeO in this solid solution. In the case of FeO dissolved in liquid iron 
we have shown (about two years ago) that the evidence available at that time 
indicated that the solute in liquid iron containing oxygen was either FeO, 
teO, FeO or FexsO. There was no way at that time of distinguishing between 
them. The evidence which Dr. Fontana has obtained is even more conclusive 
to the same effect. We do not know whether it is FeO or Fe.O but we do 
know that there is only one atom of oxygen in the molecule. Therefore, since 
we know that there is only one atom of oxygen, and it makes no difference how 
many atoms of iron are present, we call it FeO. 
| Regarding the application of this to the determination of the activity of 
iron oxide in slag, I will say that that is one of the important uses for the 
data obtained, but one must be very careful in making such an application to 


search Engineer, Bethlehem Steel Co., Bethlehem, Pa. 
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insure that the slag and metal be actually in equilibrium with 
otherwise the result would be a long way from correct. 

The solubility of the simple diatomic gases in solid or liquid 
been found to be proportional to the square root of the pressure. T| 
as Sievert’s law. It has been fashionable in the past to account { 
known behavior by the hypothesis that the dissolved gas exists in 
state. From the data which we have presented, it can be shown 
mathematics that the system iron-oxygen at 1600 degrees Cent. (2 
Fahr.) also conforms to Sievert’s law, although the oxygen pressur: 
small to permit direct determination. One could, therefore, account 
results by assuming that the solute in the liquid metal is atomic oxygen 
would not be impossible, but it seems extremely improbable, and i: 


tor 
This 

quite un 

necessary. In all of the systems to which Sievert’s law applies, it is reasonab) 


to suppose that the solute is a compound whose molecule contains one atom 
of the gaseous element. In the case of nitrogen in liquid iron, I have shown 


that the solubility can be predicted approximately on the assumption that th, 
solute is Fe,N. In the case of sulphur, I will present at a later date some dat 
which show that the solute is FexS, probably FeS. 
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EFFECT OF CARBON, OXYGEN AND GRAIN-SIZE ON THE 
MAGNETIC PROPERTIES OF IRON-SILICON ALLOYS 


By T. D. YENSEN AND N. A. ZIEGLER 
Abstract 


The paper is a continuation of the one presented a 
year ago on unalloyed iron and gives numerical rela 
tionships between carbon, oxygen and grain-size and the 
magnetic properties of tron-silicon alloys. Oxygen 1s 
without appreciable effect on the low density properties 
but affects the high density permeability considerably. 
The effect of carbon is generally less and the effect of 
grain-size is generally more (for low carbon contents) 
than the 1924 results indicated; but the effect of the 
various forms of carbon (solution or colloidal Fe,C, free 
Fe,C, pearlite, graphite) as shown in the 1924 paper has 
been confirmed. 


HIS paper is a continuation of the one presented before this 
Eau a year ago on unalloyed iron,’ and the methods there 
described for preparation, annealing and testing apply equally well 
in the present case. We shall, therefore, not repeat the details here, 
but only state that the alloys were prepared by melting electrolytic 
iron and 98 per cent silicon together with appropriate amounts of 
carbon and iron oxide in the “Bell Jar” high frequency vacuum 
‘urnace; that the ingots were forged into rods that were machined 
into rings 1 inch O.D. x 34 inch I.D. x 1 inch long; that these were 
annealed either in hydrogen at 900 to 1400 degrees Cent. (1650 to 
2550 degrees Fahr.) or in vacuum at 900 to 1100 degrees Cent. 
(1650 to 2010 degrees Fahr.) and slowly cooled (30 degrees Cent 
per hour) to room temperature ; and that after final magnetic testing 


the samples were analyzed for carbon, oxygen, nitrogen and hydro 


ven and for microstructure. This procedure was followed so that 
in every case there should be correspondence between the magnetic 
properties and the analysis, irrespective of the particular heat treat- 
ment used. 


'T. D. Yensen and N. A. Ziegler, “Magnetic Properties of Iron as Affected by Car 
Oxygen and Grain-Size,.”’ Transactions, American Society for Metals, Vol. 23, 


lune 1935, p. 556. 
\ paper presented before the Seventeenth Annual Convention of the Society 
held in Chicago, September 30 to October 4, 1935. Of the authors, T. D. 
Yensen is manager of the magnetic division of Westinghouse Electric & Mfg. 
Lo., E. Pittsburgh, and N. A. Ziegler formerly sales research engineer of West 
Penn Electric Co., Pittsburgh. Manuscript received June 28, 1935. 
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fables I, 11 and III are listed the samples of approximately 


} J and 5 to 6 per cent silicon respectively, together with the results 


of the chemical and microscopic analysis and of the magnetic testing. 


[he samples are arranged in groups according to carbon content, the 
oxygen content increasing within each group. 
[he method of presentation will consist in using minimum re 


luctivity (pmin. == ——— ) as a measure of the low density mag 
7 umax. s 


netic properties, and then when desirable, to convert to coercive force 

H.) and hysteresis loss (W,) by means of appropriate conversion 
relations such as are obtained from Fig. 1 for 3 per cent silicon. These 
relations are listed in Table LV, including that for O per cent silicon as 
obtained from the previous paper. It will be noted that the ratio be- 
tween H, and pmin, and between Wy, and pmin, decreases rapidly with 
increasing silicon content, being about one-half for 6 per cent silicon 
of what it is for O per cent silicon. In other words, for the same 
maximum permeability the hysteresis loss for 6 per cent silicon is 
about one-half that for O per cent silicon. 

From the several hundred samples prepared a large number 
were discarded because of slight cracks and other imperfections. 
ven with this precaution, it is quite probable that there may be a 
small number of samples included in the final analysis that have 
hidden imperfections and that accounts for the scattering of the 
points. Another factor that contributes to the scattering is the fact 
that the microscopic analysis only covers one surface. In getting the 
grain-size one end of the ring was polished and etched, and the total 
number of grains counted at 100 diameters. Ruder’s objection to the 
use of grain area rather than grain volume® may be valid in case of 
thin samples of varying thickness, but does not seem justified in the 
present case. If desired, grains per square millimeter (N,) may be 
converted to grains per cubic millimeter (N,) by the relation 


» 


N. = N° 


KFFECT OF OXYGEN 
The preliminary investigation revealed that small amounts of 
oxygen apparently have little if any effect on the low density proper- 


ties of iron-silicon alloys containing 3 per cent silicon or more. This 


“See discussion of previous paper referred to in footnote 1. 
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-. chown in Fig. 2 where minimum reluctivity (pmin,) has been plotted 


t per cent oxygen for samples of nearly the same carbon con- 


agains 
rent and grain-size. The reason tor this is probably that the oxygen 
combines with the silicon, while the alloys either are in the molten 
state. or at a high enough temperature after solidification to permit 
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Fig. 2—Effect of Oxygen for Con 
stant Carbon and Grain-Size of 3 to 6 
Per Cent Silicon Alloy. 


coalescing of the SiO, into large particles that have a relatively small 
aggregate effect on the lattice distortion. It will be recalled that with 
no silicon present the solubility of oxygen in iron increases rapidly 
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IRON-SILICON ALLOYS 347 


above 900 degrees Cent. (1650 degrees Fahr.)* reaching a value of 
0.1 per cent. Most of this dissolved oxygen will precipitate as small 
(colloidal) particles during subsequent cooling and, thereby, cause 
considerable effect on the magnetic properties, as shown in the previ- 
ous paper. While silicon thus prevents the bad effect of oxygen on the 
low density properties of iron, it will be shown later that it does 
not prevent oxygen from lowering the high density permeability. 


EFFECT OF GRAIN-SIZE AND CARBON 


The elimination of oxygen as a factor affecting the low density 
properties of iron-silicon alloys, simplifies the problem of ascertain- 
ing the effect of carbon and grain-size considerably. In Figs. 3a, 
3b, and 3c the minimum reluctivity (pmin.) has been plotted against 
srain-size (N) for the various groups of constant carbon content. 
The plotting has been done on a double log scale because of the 
large range of both co-ordinates, and the necessity of plotting a large 
number of points in the lower range. 

The relationship between N and pmin, is so close to straight lines 
that straight lines have been drawn in all cases except one (4 per cent 
silicon with C = 0,004 per cent, Fig. 3c). The form of the equa- 


tion is 
pmin, = aN + b 

in which “a” is the grain-size factor and “b” the effect of the partic- 
ular silicon and carbon content for the group. The numerical values 
of “b” are obtained in the usual way by extrapolating to N = O. 
The results are tabulated in Table V. The grain-size factor (‘“a’’) 
has been plotted in Fig. 4, showing the decreasing effect of grain- 
size with increasing carbon. The values of “b” have been plotted 
all to the same pmin, scale in Figs. 5a, 5b and 5c showing the effect of 
small amounts of carbon on single crystals of 3, 4 and 5 to 6 per cent 
silicon respectively. In Figs. 5d, 5e and 5f are shown the effect of 
higher carbon contents, but because of the great effect of carbon on 
the 3 per cent silicon the ordinate scale for this case is 4 times what 
it is for 4 and 6 per cent silicon. The curve for 4 per cent silicon is 
shown broken because of uncertainty due to insufficient grain-size 
data (Table IIT). Ordinates for H, and Wy, have been added in each 
case using the equations of Table IV. These curves show the net 
effect of carbon with all other factors presumably eliminated. 


8N 


: A. Ziegler, “Solubility of Oxygen in Solid Iron,’”’ Transactions, American Society 
‘or Steel Treating, Vol. 20, July 1932, p. 73. 
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Table V 
Effect of Grain-Size: pmin aN™ + b 

Per Cent 
Carbon pmin, X 

D ee See ho eS eae cho vabean 0.0012 1.10N 
0.0621 1.10N 
0.0035 1.10N 
6.0049 1.00N 
0.0069 0.95N 
0.153 0.03N 
0.294 0.03N 

a ae 0.0039 1.5 NV? 
0 0056 0.55N 
0.0074 0.55N 
0.0110 0.55N 

Dl ee Cee Bae. can Sc ik eee 0.0033 0.90N 
0.0069 0.90N 
0.0090 0.90N 
0.0117 0.22N 
0.0205 0.20N 
0.17 0.025N 


105) 


Conversion Factors—pmin. vs. He and Wh» (for B 10000) 

a a ee ee eee He 0.054 (pmin x 10! 

Wh 164  (pmin. X 10! 

> Or RE een os cca bce Cerise wiaer He 0.043 (pmin. & 10 

Wh 130 (pmin, X 10 

+ Per Cent Silicon ..... a et bede oe ee He 0.040 (pmin. K 10! 
Wha 110 (pmin, 

Sh Pr ee ee nn eo ee 0.029 (pmin. & 105 

Wna = 80 (pmin. X 105 


The micro analysis shows that there are no Fe,C 
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Ternary Alloys 


Contrary to the 1924 results* the extrapolated curves of Figs, 5 
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vd 


b, c do not go to zero for O per cent carbon, but cut the ordinate axis 
at increasingly higher values the higher the silicon. This indicates 
what has already been anticipated for some time—that silicon in spite 


of its indirect beneficial effects has a disturbing effect on the magnetic 


In order to facilitate comparison Figs. 6a, 6b, 6c and 6d hav 
been prepared showing pmin, max. He and Wy as functions of carbon 
content (0-0.014 per cent) for single crystals of 0, 3, 4 and 5-6 per 
cent silicon with all other factors presumably eliminated. Fig. 7 simi 
larly shows the hysteresis loss for carbon up to 0.14 per cent from 
present data, and the 1924 curves are shown in fine lines for com 


or graphite 
precipitates visible at 100 diameters for carbon up to about 0.005 
per cent. Fig. 8a for a 3 per cent alloy (I-31E) with 0.0022 per 
cent carbon is representative of this type. In some of the low carbon 


Silicon, 
Carbon,” Transactions, American Institute of Electrical Engineers, Vol. 43, 1924, p. '® 





Migs, 5a 
Nate axis 
dicates 

1 in spite 


magnetic 


6d have 
f carbon 
| 5-6 per 
r. 7 simi 
ent from 


tor com 


graphite 
ut 0,005 
O22 per 


w carbon 


mn, Silicon, 
924, p. 145 


10% IRON-SILICON ALLOYS 349 
samples there are seen a few glassy inclusions that probably are SiQ, 
or silicate particles. From 0.005 per cent up to about 0.05 per cent 
we find Fe,C, with traces of graphite in the 4 to 6 per cent alloys 
(see Figs. 9a for [-127C, and 10a for I-50C). Here too we occa 
sionally see glassy inclusions. Above 0.05 per cent the precipitate is 
nearlite for the 3 per cent alloy (Fig. 8b, ¢ and d for I-35B and 
|-36A) and graphite for the 4 to 6 per cent alloys (Fig. 9b for I-38A 
nd Fig. 10b and 10¢ for 1-53A and I-55B). This accounts for the 


»O ons O20 O2 C o 
PER CENT CARBON PER CENT 


Fie. 4—Effect of Carbon on Grain-Size Factor ‘‘a’’. p min ‘ tb, Where 

grains per square millimeter and b effect of carbon 
steep curve for the 3 per cent alloy (Fig. 7) corresponding very 
closely to the 1924 curves for 0 and 2 per cent silicon in which 
carbon was found to be precipitated as pearlite. However, the fact 
that in one 3 per cent sample carbon was found to be precipitated as 
eraphite (see Fig. 8e) with correspondingly lower reluctivity (see 
l‘ig. 5d) indicates that it is possible by prolonged heating at lower 
temperatures to precipitate carbon as graphite also with 3 per cent 
silicon. If this were done the curves for 3 per cent silicon would 
correspond more nearly with those for 4 and 6 per cent silicon also 
for high carbon. 

Attention is called to the crossing of the curves of Fig. 3c 

(5 to 6 per cent silicon), which means that for small grain-size it ap 
parently should be possible with high silicon to decrease the minimum 
reluctivity values by increasing the carbon content from less than 
O.OL per cent to more than 0.02 per cent. This is an anomaly that 


probably is due to the form in which carbon occurs in these alloys. 


it was shown above that with high carbon the precipitate in 4 to 6 
per cent silicon is largely graphite while with low carbon the precipi- 
tate is Fe,C. It is, therefore, conceivable that in two samples, A and 
B, A with 0,008 per cent carbon and B with 0.02 per cent carbon, 
sample A will contain more Fe,C than sample B and consequently, 
other factors being equal, that B will have higher permeability than 
A in spite of the higher total carbon content. By proper heat treat- 
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ment, however, it should be possible to graphitize the carbon in both 
samples so that the permeability of A would be higher than that of B. 

Comparing the present results with those of 1924 (Fig. 7) the 
new picture is not nearly as simple as the earlier one, although the 
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general tendency is about the same. The main point of divergence 
Alloy. is that none of the curves coincide, and that they all lie considerably 
below the 1924 curve for low carbon contents, especially the 3 and 6 
per cent curves. The 4 and 6 per cent curves cross the 1924 curves 
at 0.03 and 0,05 per cent silicon respectively and lie above these 
curves for higher carbon contents. 


n in both 
that of B. 
g. 7) the 


ough the ‘or Q per cent silicon the divergence was explained in the previ- 
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ous paper (loc cit) on the basis of about 0.02 per cent 0, be: 


ent in the 1924 samples, but any such explanation does 
here, as the present data indicate no effect due to oxygen in th 


presence of more than 3 per cent silicon. The only explanation that 
can be offered is that the present data are more extensive and offe, 
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Fig. 7——-Hyteresis Loss Versus 


Carbon on 0 to 6 Per Cent Silicon 
Alloy. 


less chance for uncertain extra- and interpolations than in the previ 
ous Case, 

Effect of Grain-Size. In Table V and in Figs. lla, 11b, and 1c, 
the effect of grain-size is recapitulated for the three silicon contents 
and these sets have been combined into one picture in Fig. 11d show 
ing the effect on hysteresis loss. In the latter the 1924 and 1930" 
curves are shown broken. These curves represent the term aN" in 
the equation x = aN™ + b, in which x is pmin, Wn or He and “b” 
is a parameter depending on the carbon content as shown in Table \. 

While the earlier results indicated a square root law (Ws - 
100 \/N_) for low carbon and a linear relationship for high carbon 
(W, = 3N) the recent data point towards a linear relationship for 
all carbon contents. (Only in one case do we get a square root 
curve). 


EFFECT OF OXYGEN AND HiGcH DENSITY PERMEABILITY 
It was mentioned in the first part of the paper that oxygen, 
while apparently being without appreciable effect on the low density 
ort eT. D. Yensen, Metals and Alloys, Vol. 1, May 1930, p. 493. 
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iri 
, Photomicrographs of 3 Per Cent Silicon Alloy. \ 100. Fig. Sa Allo, 
t oxygen, , 3.10 Per Cent Silicon. Fig. Sbh—Alloy 1-358, 3.34 Per Cent Silicon. 
ve — 8c-—Alloy 1-36A, 3.13 Per Cent Silicon, Fig. 8d—Alloy 1-36B, 3.13 Pet 
ww density ent Silicon. 
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Fig. 9—-Photomicrographs of 4 Per Cent Silicon Alloy. x 100. Fig 9% 
I-127C, 4.00 Per Cent Silicon. Fig. 9b—Alloy I-38A, 4.16 Per Cent Silicon 


properties of iron-silicon alloys, does affect the high density perm 


ability quite markedly. 

In Tables I, II and III the permeability for H = 100 (py = ,., 
has been tabulated. As the silicon-content varies considerably 
within each group of samples, and as silicon itself has a large effect 
on the high density permeability, it is necessary first to make correc- 
tions for the variation in silicon from the mean value (3, 4, and 6 
per cent). This has been done by means of the solid curve of Fig. 
12 obtained from the 1924 paper (loc cit). The values of py - 
thus corrected to correspond to 3, 4 and 6 per cent silicon are tabu- 
lated in Tables I, II, and III respectively and plotted on a log scale 
in Figs. 13a, 13b and 13c. The three curves (obtained by disregard- 
ing the points for high carbon) have been combined in Fig. 13d for 
comparison. Unfortunately, data were not obtained for 0 per cent 
silicon for H = 100 so that the corresponding curve for 0 per cent 
silicon could not be drawn directly, but by plotting the extrapolated 
values of po =,o. for 0, 0.1, 0.2 and 0.5 per cent O, the broken 
curves of Fig. 12 are obtained, which, extrapolated give approximate 
values for 0 per cent silicon that are shown as the broken curve of 
Fig. 13d. 
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95 Per Cent Silicon.  X_ 500. Fig. 10b—Alloy I-53A, 5.42 Per Cent Sili 
100. Fig. 10c—Alloy I-55B, 5.01 Per Cent Silicon. X 100. 
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SUMMARY AND CONCLUSION 


|. In the presence of 3 per cent silicon or more, small amounts 
of oxygen have no appreciable effect on the low density magnetic 
properties of iron-silicon alloys. However, oxygen does affect mark- 
edly the high density permeability as shown in Fig. 13d. 

2. The large effect of carbon previously reported for iron- 
silicon alloys has been generally confirmed, but the effect for carbon 
ess than 0.01 per cent is not as large as reported in 1924 and varies 
with the silicon content. It appears to be greatest for 4 per cent 


silicon, 


or carbon less than 0.005 per cent no visible precipitate is 
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visible at 500 diameters, confirming the previous conclus; that ji 
this low range carbon is either in solution or precipitated as colloid. 


particles. 

4. Above 0.005 per cent carbon is precipitated in various for; 
depending on the silicon and carbon contents, but there seems to }p 
no definite boundary line. From 0.005 to about 0.05 per cent th 
precipitate is Fe,C for 3 per cent silicon, and partly Fe,C and part) 
graphite for 4 to 6 per cent silicon. Above 0.05 per cent carbon pre 
cipitates as pearlite for 3 per cent silicon after short annealing at hig! 
temperatures (1100 to 1200 degrees Cent.) (2010 to 2190 degrees 
Fahr.) but may be graphitized on prolonged heating at lower tem 
peratures. For 4 to 6 per cent silicon carbon (above 0.05 per cent 
is precipitated as graphite. 

5. The effect of carbon above 0.005 per cent on the magneti 
properties depends on the form of the precipitate, being greatest fo: 
pearlite, intermediate for cementite (Fe,C) and least for graphite, 
thus confirming the previous conclusion. Fig. 7 gives a general view 

6. In regard to grain-size there can be no doubt as to the larg: 
effect of this factor, but again the effect varies with the silicon ani 
carbon contents as shown in Fig. 1ld. For low carbon contents the 
effect appears to be generally greater than was reported in 1924 
while for high carbon contents the agreement is fairly good. Fig. 4 
gives the variation of the grain-size factor as a function of the car- 
bon content. The linear relationship between grains per squar 
millimeter and pmin. He, Wn holds in most cases rather than the 
square root law. 

We regret that we are unable at the present time after ten years 
of work to express the relationship between the magnetic properties 
and the various factors affecting them in simpler and more general 
terms. We have no doubt that this will gradually be done, and it 1s 
with this expectation in mind and the hope that this interim report 
will assist in reaching the goal that we feel justified in publishing 1 

In conclusion we wish to express our appreciation to the 
Westinghouse Electric and Manufacturing Company for permission 
to publish this report ; to Wilson Scott for assistance in the prepara- 
tion of samples, and for the carbon analysis, to A. A. Frey for most 
of the annealing; to S. L. Burgwin and H. B. Ikelman for the mag- 
netic testing ; to R. H. Wynne for the chemical analysis and to Miss 
Mildred Ferguson for the microscopic analysis and for the excellen! 
photomicrographs. 
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ALLOYS OF IRON, MANGANESE AND CARBON—PART XV 
The Ternary Diagram and General Summary 
KF. M. Watters, JrR., AND Cyrit WELLS 
Abstract 


This paper summarizes the work done in the Metals 

Research Laboratory of the Carnegie Institute of Tech 
nology reported previously in fourteen parts (1-14)* on 
the constitution and properties of high purity iron-man- 
ganese alloys (0-100 per cent manganese ) and of high 
purity iron-manganese-carbon alloys (0-14 per cent man- 
ganese and 0.02-1.4 per cent carbon). 
7 Various methods were employed in investigating the 
behavior of the alloys in the solid state: dilatometric, 
thermal, and thermomagnetic analysis, the variation of 
electrical resistance with temperature, parameter measure- 
ments by X-rays and the microscopic examination of suit- 
ably heat treated specimens. 

The phases involved in this study are the alpha, 
gamma and epsilon phases in the iron-rich alloys and 
alpha, beta, and gamma phases in the manganese-rich 
alloys (see Fig. 2). In the ternary alloys studied, the 
carbide observed was cementite in which up to a fourth of 
the iron atoms were replaced by manganese atoms. 

A binary iron-manganese phase diagram and several 
sections of the iron-manganese-carbon phase diagrams 
are presented as well as a three-dimensional diagram in- 
dicating the phase boundaries of the ternary alloys. 


INTRODUCTION 


\ T THE time this investigation was undertaken, little was known 
about the effect of manganese on iron and iron-carbon alloys. 


Che solidus and liquidus of rather impure iron-manganese alloys 
h- . ee . . . 

had been determined by Riimelin and Fick (15). Hadfield (16) had 
measured the mechanical and physical characteristics of iron-manga- 


VT} 


figures appearing in parentheses refer to the bibliography appended. 


_ Ot the authors, F. M. Walters, Jr., a member of the Society, formerly of 
the Metals Research Laboratory, Carnegie Institute of Technology, Pittsburgh, 
is now Kesearch Engineer, Youngstown Sheet and Tube Company, Youngstown, 
Vhio, and Cyril Wells is associated with the Metals Research Laboratory, 
Carnegie Institute of Technology, Pittsburgh. The work of V. N. Krivobok, 
- Gensamer, and John F. Eckel is included with that of the authors in this 
summat 
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nese alloys of commercial purity, and some studies of 
ternary alloys containing up to 2 per cent manganese an 


up to y 
per cent carbon had been made at the Bureau of Standards (17 
After this work was started, binary iron-manganese diagra 
. SAG 


were proposed by Ohman (18), Ishiwara (19), and Ga 


ler (20 


and a number of sections of the ternary diagram were determined }) 
sain, Davenport and Waring (21). Of these investigators oy), 
Gayler used high purity alloys. 

Preparation of Alloys. The binary alloys discussed in this paper 
were prepared from manganese distilled in vacuo, and electrolytic 
iron melted in vacuo with enough carbon to reduce the oxygen toa 
low value (1). To add carbon in the preparation of the ternary al- 
loys, sugar charcoal was used. The alloys were melted in chemical 
pure magnesium oxide crucibles under argon at atmospheric pressur 
and cooled in the furnace. The binary alloy ingots containing up t 
67 per cent manganese, and the ternary ingots up to 13 per cen 
manganese and 1.57 per cent carbon, were reduced about 90 per cent 
by forging. Alloys containing between 70 and 100 per cent man- 
ganese were quite brittle and could not be forged. 

The material which was used in crucial experiments was heated 
for several hours at a temperature near the solidus to remove per- 
sistent dendritic segregation.” In the heat treatments and in the ob- 
servations at elevated temperatures care was taken to preserve thi 
purity of the alloys by conducting the heating in vacuo or in purified 
argon or helium. 

Phases Present in the Binary and Ternary Alloys. The phases 
present in the iron-manganese alloys were identified in iwo series 
of X-ray measurements. In the first, cameras were employed which 
were suitable for the identification of phases but which were of onl) 
moderate accuracy in the determination of lattice parameters, (3 
while in the second series, the use of a Sachs’ back reflection camera 
gave results of a much higher accuracy (13). 

In the binary system 6 phases are stable at room temperatur 
or may be retained by quenching. They are solid solutions of th 
substitutional type, and the lattice parameters of the cubic forms al 
increase as the manganese content is raised, except when other phases | 
are present (Fig. 1). These phases are: 


vati 


Mat 





2 . . : tet dietribute ess 
2As a result of this treatment the constituents were much more uniformly distri) \ 


in the alloys (as shown by the microscope), and the temperature ranges between the beg 
ning and the end of transformations were reduced (as revealed by dilatometric studies 
These facts indicate that the long time high temperature treatment greatly reduced dend 

segregation. 
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10% iLOYS OF IRON, MANGANESE AND CARBON 
130 ; 
\lpha iron, body-centered cubic 

Gamma iron, face-centered cubic 

Epsilon, hexagonal close packed 

\lpha manganese, complex cubic with 58 atoms in unit cell 
Beta manganese, complex cubic with 20 atoms in the unit cell 
Gamma manganese, face-centered tetragonal as quenched. 


The phases observed in the ternary region studied were the alpha 
“on solid solution, the gamma iron solid solution, the epsilon solid 
-olution, and cementite. The cementite in the iron-manganese-carbon 
llovs may have up to one-fourth of its iron atoms replaced by manga- 


12.8 








20 40 60 80 100 
% Mangenese 

Fig. 1—Volume per Lattice Point of the Phases 

Stable at Room Temperature or Retained by Quenching. 
nese. This observation is based not only on the results of chemical 
analysis (22) and of X-ray observations (23), but is fundamental 
to a consistent explanation of the behavior of the ternary alloys. 
‘or example, high manganese high carbon alloys annealed at 500 
degrees Cent. (930 degrees Fahr.) to precipitate carbides show by 
their behavior on cooling that the matrix is lower in manganese as 
well as in carbon (7, 8). Apparently the manganese carbides Mn,C 

and Mn,C, do not occur in the ternary compositions studied. 

X-ray observations were very useful in identifying the phases 
present in the binary alloys; in conjunction with microscopic obser- 
vations, they served to determine the phase diagram for both the high 
manganese alloys and the low manganese alloys, and they also were 
essential to the interpretation of the dilatometric, thermal, micro- 
scopic and other data. 


he gamma phase is face-centered cubic up to about 70 per cent 
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manganese, while from 70 to 94 per cent the alloys quenched fy, s 
the gamma field are found to be face-centered tetragona! wit) " eat 
axial ratio decreasing from unity to 0.93 for manganese. One » 
assume that the tetragonal gamma is a transition phase formed {rol 
quenching a gamma phase which is cubic at high temperatures ()3 re 
7600 i Mm, Cet 
( - > Liguid | 
es al ’ iss | 
400 7re ——— 
| ——. 
1200 t } 
1000 
80UV0 
600 
| 
' 
400 t | tt | 
' ! 
a-Mn 
' j 
200 ' Ly 
| 
' 
' 
QO t t t t 
' ! 
| i 
t | 
Fe 40 60 80 
Per Cent Mengenese 
Fig. 2—Iron-Manganese Diagram. 0 to 50 Per Cent Manganese is Based 
on Dilatometric Observations, 50 to 100 Per Cent Manganese is Based on Mier 
scopic and X-ray Examination of Quenched Alloys. The Delta Region and th 
Solidus-Liquidus are Redrawn from Gayler’s Data”, 
rc 
No satisfactory experimental evidence has been presented for ra 
existence of a two-phased region, gamma iron-gamma manganese 
. . . . +h, 
Gamma manganese is relatively soft, while alpha and beta manga a 
nese are hard and brittle as might be expected from their compl m 
atomic arrangements, M 
Kk 
CONSTITUTION OF THE BINARY ALLOYS fe 
There is a marked contrast between the iron and manganese 
side of the constitutional diagram (Fig. 2). High manganes 
gamma and beta phases may be retained at room temperature by } 
. - . . . . a3 1 
quenching. Only that part of the diagram dealing with high ma 
SC 


ganese alloys is substantially an equilibrium diagram. [Low manga 
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ys remain in the gamma state until a definite teny 


erature 1s 


at which they begin to transform. or example, the 7 


per cent manganese alloy showed no evidence of transformation 


from gamma to alpha, when held at 630 degrees Cent. (1165 de 


erees ahr.) (just below Ac) for 17 hours or at 400 degrees 
Cent. (750 degrees Fahr.) (just above \r) for 4] 


hours. \c 








/ 


a “ O© 
U. U4 Ob Os LO 1? la \ 
) " 7 
Fer Cent Carbon 


Fig. 3—Iron Manganese-Carbon Ternary 


Diagram (0-1.4 Pe Cent 
Carbon and 0-13 Per Cent Manganese). 


ordingly the low Manganese part of the diagram is a diagram rep 


resenting transformations at prescribed heating and cooling rates 
rather than an equilibrium diagram. 

Heterogeneity, ‘The high degree of dendritic segregation and 
slow rate of diffusion of manganese in iron in the solid state 


the 
make it necessary to heat the alloys for a long time (8 to 24 hours) 


“\ temperatures just below the solidus in order to secure homo 


seneity. Such treatment definitely sharpens the alpha-g 


amma trans- 
ormation range, but its effect is most marked on the epsilon trans 


‘ormation range which was narrowed from 100 degrees Cent. in al 
OyYS “as forged” to 10 degrees Cent. after homogenization (6). 
‘he sharpness of the transformations in the binary 


alloys can 
initely disturbed and what may 


he be called transformational 


‘“sregation” can be brought about by holding the 4 to 13 per cent 
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alloys just below or within the alpha to gamma tray) forma, 
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range (9). This “dispersion of composition” is readily Noved | 





holding alloys a short time at 1000 degrees Cent. (1830 | 


Tees | 


°C. 





1000 


900 


800 


700 


600 















io Eas 
O Q20 Q40 060 O80 1.00 120 140 160 
Per Cent Carbon 












Fig. 4—-Section of Iron-Manganese-Carbon Ternary 
Diagram—2.5 Per Cent Manganese (Gensamer). 
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Fig. 5—Section of Iron-Manganese-Carbon Ternary 
Diagram—4.5 Per Cent Manganese (Gensamer). 


The marked persistence of segregation in the gamma pha 
of the ternary alloys results primarily from the presence of mat 
ganese (not carbon) concentration gradients, since the rate 0! 
diffusion of carbon in gamma iron is many times faster than that 
of manganese. In alloys containing two or more phases, the cot 






mma_ phase 
ce of mat- 
he rate ol 
r than that 
as, the con- 
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7% Mn 


QA2L 040 O60 O80 
Per Cent Carbon 


Fig. 6——-Section of Tron-Manganese-Carbon Ternary 
Diagram—7.0 Per Cent Manganese. 


10% Mn 
| | 


JOO 


O O20 O40 O60 Q8O0 100 120 140 160 
Per Cent Carbon 


_ Fig. 7—-Section of TIron-Manganese-Carbon Ternary 
Diagram—10 Per Cent Manganese (Eckel and Krivobok). 


£00 


centration of manganese and carbon is highest in the carbide. Hence 
the presence or absence of a dendritic structure as outlined by the 


carbide indicates the presence or absence of dendritic segregation. 
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Dilatometric Analysis. The boundaries of the two- 
gions, alpha to gamma, gamma to alpha, epsilon to gam: 
gamma to epsilon, were determined from dilatometric observations 


©. 


200 
QO 020 040 060 080 100 120 140 1.60 180 
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Fig. 8—Section of Iron-Manganese-Carbon Ternary Dia 
gram—13 Per Cent Manganese. 
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Per Cent Manganese 


Fig. 9—-Section of Iron-Manganese-Carbon Ter- 
nary Diagram—0.2 Per Cent Carbon. 


on homogenized alloys. Heating and cooling rates of 6 or 12 de 


grees per minute were employed; slower cooling rates did not 
affect the temperature range of the gamma to alpha transformation, 
but slower heating rates resulted in the alpha to gamma transforma- 
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tion beginning at a lower and ending at a higher temperature (6). 

[t is shown by X-ray measurements that the transformation of 

tions camma to epsilon is accompanied by a decrease in volume and the 
transformation to alpha by an increase. It was possible not only to 


4 6 
Per Cent Manganese 


Fig. 10—Section of Iron-Manganese-Carbon 
Ternary Diagram—0.4 Per Cent Carbon. 





Per Cent Manganese 


Fig. 11—Section of Iron-Mangancse-Carbon 
Ternary Diagram—0.6 Per Cent Carbon. 


identify these transformations, but to show that in the case of the 
13 per cent alloy both transformations occurred: part of the gamma 
decomposing to epsilon, part to alpha and part being retained (4). 
From the anomalous length change accompanying a transformation, 
together with the lattice parameter measurements of the phases 


involved, an estimate may be made of the completeness of the trans- 
forma- tormation (6, 8). 
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Vhermal Analysis, Dilatometric analysis not 


only CO! 
the results of thermal analysis (2), but also served to explai 
‘or example, the grac 


lual decrease in intensity of A 
hese increases, was shown to be due to the 
temperature required for the 
ness (in alloys containing 


a» aS the ; 
increasing ra 
transformation, not to its incon lets 


less than 10 per cent manganese), \\ hil 


the sharpness of the thermal disturbances due to the epsilon 


ans 
formations showed them to be essentially different from thos. due 
to the alpha transformations. dilatometric observations combined 
with X-ray data definitely identified the reaction. A gradient fi 
nace was used for the thermal analysis; the heating and cooling 


rates were about 15 degrees Cent. 
The Epsilon Phase. 
ulation. Ohman (18), an 


per minute. 

This has been the subject of much spe. 
| Bain, Davenport and Waring (21) 
lieve it to be a transition phase. Ishiwara (19) 
intermetallic compound and Mehl (25) 
phase formed by a peritectoid reaction. 


, be- 
asserts it is an 
suggests an intermediate 
However, the point of view 
may be taken that for a limited range of 


manganese concentration. 
the gamma decomposes ti 


» a hexagonal close packed lattice rathe; 
than to the body-centered alpha (13). Epsilon is the closest packed 
of these three phases, and it is likely that its 
by pressure. When the 16 and 
slightly beyond the elastic 
almost complete, whereas 


formation is favored 
20 per cent alloys were c mmpressed 
limit, the transformation to epsilon was 
in unstressed specimens about 70 per cent 
of the gamma remained untransformed (6). Data obtained thermo 
magnetically may be interpreted as favoring a peritectoid reaction. 

Epsilon is essentially a low carbon phase ; 
in the ternary alloys except after heat tre 
carbon from solution rather completely (7) 


it was not observed 
atments which removed 

Variation of Magnetic Flux and Electrical Resistance with 
Temperature. The results 


of the thermomagnetic analysis (10) 
may be briefly summarized - 


the binary alloys are magnetic when in 

the alpha state and below the Curie point of iron. The magnetism 

creasing manganese, No at- 
magnetic constants. 

Manganese (like other elements it 

to increase the electrical resistance of 


{ alpha iron and to decrease 
the temperature coefficient (11), A surprisingly small effect on the 


resistance of gamma iron was found. At 1000 degrees Cent. (1830 
degrees Fahr.) the specific re 


of the alpha phase decreases with in 
tempt was made to evaluate 


1 solid solution) was found 


sistance of the 29 per cent manganese 
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25 per cent greater than the resistance of iron, while at 


-rees Cent. the specific resistance of the 10 per cent alloy was 
times as great as that of iron. 
rhe thermal hysteresis of the alpha-gamma_ transformation 


Per Cent Manganese 


Fig 12——-Section of Tron-Manganese-Carbon 
Ternary Diagram —0.8 Per Cent Carbon. 


C. 


of 6 
Per Cent Mangenese 


Fig. 13—Section of Iron-Manganese-Carbon 
Fernary Diagram—1.0 Per Cent Carbon. 


was shown by the variation of magnetism and of electrical resist- 
ance with temperature, though not as precisely as by the dilato- 
metric observations. 

lhe High Manganese Alloys. The epsilon transformation does 
not occur in alloys containing more than 32 per cent manganese. 
Between this composition and 54 per cent, at which alpha manganese 
is found, no evidence for transformations in the solid state was found 
by thermal, dilatometric, X-ray or microscopic examination. 
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June 


The diagram for the manganese-rich alloys is based 


Mucro- 


scopic and X-ray examination of quenched specimens. many 
cases equilibrium was approached from two directions. e tem 
perature of the eutectoid (8Mn = aMn + Y) was confirmed dilg. 
tometrically. The authors’ diagram differs from that of Ohy 


and Gayler (20) chiefly in the omission of the two-phase regio; 


gamma iron-gamma manganese and the accompanying peritectic 4 
1270 degrees Cent. (2320 degrees Fahr.) and the eutectoid at 10% 
degrees Cent. (1885 degrees Fahr.). 


Microstructure. ‘The structure characteristic of pure metals ani 


all 


single phase solid solutions is found in the binary alloys containing 
O to 2 per cent when slowly cooled, in those containing 32 to 54 
per cent under all conditions of heat treatment and in higher man- 
ganese alloys after quenching drastically from the gamma field (5). 

After any heat treatment the 7 and 10 per cent alloys have a 
fine duplex structure with a poorly defined Widmanstatten pattern, 
This structure is also characteristic of the rapidly quenched alloys of 
lower manganese content. 

Alloys containing 13 to 32 per cent manganese possess, regardless 
of heat treatment, a fine duplex structure with well defined Wid 
manstatten patterns. This well defined pattern is the result of the low 
temperature transformation of gamma to epsilon. When gamma 
transforms to alpha the martensitic structure is observed. This dif 
ference in Widmanstatten pattern resulting from the decompositio: 
of gamma is due not only to the expansion accompanying the forma 
tion of alpha and the contraction accompanying the epsilon trans 
formation, but also to the character of the Widmanstatten mechanism 
involved (24). 

In both the gamma to alpha and the gamma to epsilon transfor 
mations, the octahedral planes of the gamma phase are planes for pre- 
cipitation. The (111) planes of gamma are parallel to the (110) 
planes of alpha in the one transformation and to the (00.1) planes 
of epsilon in the other. The matching of the hexagonal atomic 
arrangement of gamma (111) and epsilon (00.1) planes is better 
than that of gamma (111) and alpha (110) planes; there are prob- 
ably 24 possible orientations of alpha that may form on a single 
gamma grain, but only 4 of epsilon. This reasonably accounts for 
the more poorly developed Widmanstatten pattern resulting from 


the gamma to alpha than from the gamma to epsilon transformation. 


on . ce ated, 
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the 


phases distinctly separated into grains large enough to be iden- 
fed easily at moderate magnification. There is an increasing tend- 


eney toward Widmanstatten patterns with higher manganese. For 


example, on cooling the 67 per cent alloy, the beta manganese result- 


a+l 


120% Carbon 


4 6 o 10 
Per Cent Manganese 


Fig. 14—Section of lron-Manganese-Carbon 
Ternary Diagram—1.2 Per Cent Carbon. 


are 


t 


140% Carbon 


4 é 8 
Per Cent Manganese 


Fig. 15—Section of Iron-Manganese-Carbon 
Ternary Diagram—1.4 Per Cent Carbon. 
ing from the decomposition of the gamma phase is almost all formed 
at the gamma grain boundaries, giving a cellular structure, whereas 
in the 90 per cent alloy, the beta and the remaining gamma reveal a 
well developed Widmanstatten pattern. 
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The effect of carbon on the temperatures of stability 
rate of decomposition of the iron-manganese gamma so] 
makes it possible by a suitable choice of heat treatment 
sition to produce in iron-manganese-carbon alloys practic. 


\ 


slight variations in microstructure that have been observed in ut. 


( Proeutectoid carbide or ferrite in the gamma grain boundaries «, 


within the grains, pearlite, sorbite. troostite, martensite, austeniy, 
CONSTITUTION OF THE TERNARY ALLoys 

The constitution of the ternary alloys (0.02 to 1.4 per cent ¢ 

bon and 0 to 13 per cent manganese has been determined by 4), 

microscopic examination of quenched specimens, previously brously 

to equilibrium at crucial temperatures (7, 8, 12. 14). 
lor the purpose of a general understanding of the constitys; 

of the alloys as a whole, the diagram of Fig. 3 has been draws 


temperatures just above those indicated by the upper surfaces 


0] 


the gamma phase is stable. Below these surfaces the Stable phas 


are as designated and occur between limits indicated by the limit; 


boundaries. The line at the intersection of the upper two surfa 
represents the upper eutectoid compositions and temperatures (72 


] 


degrees Cent. and O.80 per cent carbon for pure iron-carbon allo 


and 600 degrees Cent. and 0.30 per cent carbon for 13 per cent mai 
ganese ternary alloys), The space indicated by epsilon is limited ys 
has not been determined in this investigation, The results of Bai 
Davenport and Waring (21) relating to the constitution of comme 
clalternary alloys show that the diagram of Fig, 3 represents, at leas 
Approximately, the constitution of commercial alloys as well as thos 
of high purity, 

Manganese in iron-carbon alloys makes possible the co-cxisten 
of three phases, alpha, gamma and carbide, in equilibrium. Thi 
indicated in Fig, 3 and more specifically in the constant mangane 
and constant carbon sectional diagrams. As carbon is added to iro 
manganese alloys of constant manganese content, the upper and lowe 
temperature limits at which the three phases can exist in equilibriu 
are raised.’ (Figs. 3 to 8), The effect of manganese on the ten 
perature zones of stability for the phases in alloys of constant cat 

"When an alloy in the three-phase region is in equilibrium, the concentration of 
Kanese and of carbon is highest in the carbide, intermediate in the gamma, and lowest 
in the alpha phase. Due to this distribution of components in the phases, an increas: 
carbon in iron manganese-carbon alloys of constant manganese content results in a decrea 
of manganese in the gamma in equilibrium with alpha and carbide phases at the upper 4 


lower temperature limits of the eutectoid reaction and therefore in a raising of the 
and lower temperature limits of the three-phase zone. 
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hon content is indicated in Figs. 9 to 15. These diagrams were de 
rived from the data given in Figs. 4 to 8." 
The upper temperature limit of the eutectoid reaction as indi 


cated by B (Figs. 4 to 8) is lowered by manganese (Iig. 160) and 


g 10 
Per Cent Manganese 


Fig. 16-——Effect of Manganese on Upper Eutec 
toid Temperature Limit in Alloys of  Eutectoid 
(Composition 


ne 0.8 


Jd 
{) 
{ 


NA 
Ue 
& 


of 6 é 10 
Per Cent Manganese 


Fig, 17--Effect of Manganese on Carbon Con 
centration in Alloys of Eutectoid Composition 


the carbon concentration of the eutectoid composition is also low 


ered with increase of manganese (lig. 17). 
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X-RAY INVESTIGATION OF THE IRON-CHROMIUM- 
SILICON PHASE DIAGRAM 


sy A. G. H. ANDERSEN AND Eric R. JETTE 


Abstract 


Applying only the methods of X-ray crystal struc 
ture analysis, the authors have determined a large portion 
of the phase diagram of the ternary system, iron-chro 
mium-silicon. By making accurate measurements of lat- 
tice constants and applying the methods of interpolation 
and extrapolation developed in a previous article, and by 
making use of the clear-cut identification of the phases 
present in an alloy, which is a characteristic feature of 
the X-ray method, it was possible:—(1) to study the 
equilibrium relations between the alpha-phase and three 
other phases which are based respectively on the binary 
phases Fe,Si,, Cr,Si and FeCr, (2) to determine the 
alpha-phase boundaries with respect to these three phases 
at three temperatures 1000, 800 and 600 degrees Cent. 
(1830, 1470 and 1110 degrees Fahr.), (3) to construct 
the parametric surfaces (1.e., the relation between the 
lattice parameter and composition) for the major portion 
of the ternary alpha-phase alloys and for the adjacent 
wo-phase regions, and (4) to indicate the more impor- 
tant features of the greater portion of the remainder of 
the ternary system. Since the three binary systems — 
volved had previously been studied by X-ray methods, 
was possible to secure this large quantity of F lenin 
with the use of only seventy ternary alloys. 


Previous Work 


LLOYS of iron in which both chromium and silicon enter as 
the only main alloying elements are at present used for cor- 
rosion and heat resistant materials (3).1 The recent Engineering 
Foundation monograph by Greiner, Marsh and Stoughton (4) de- 
scribes a number of alloys of iron with silicon as well as alloys of 
iron with chromium and silicon. The various collections of alloy 


‘The figures appearing in parentheses refer to the bibliography appended to this paper. 


This paper is part of a thesis submitted by A.G.H. Andersen in May 1935 to the 
ulty of Pure Science of Columbia University in partial fulfillment of the requirements 
r the degree of Doctor of Philosophy. 


Of the authors, A. G. H. Andersen is with the Phelps Dodge Corporation, 
Research Department, and Eric R. Jette is Associate Professor of Metallurgy, 
school of Mines, Columbia University, New York City. Manuscript received 
‘ebruary 14, 1936. 
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patents (5, 6) contain a large number of compositions of al! 
iron with chromium and with silicon and with both elements j 


mn- 
bination. The claims put forth for many of these alloys appear to 
have been made on the basis of meagre information and on researches 
which appear to be insufficient to justify their widely inclusive clains 
and ranges. 

The iron-chromium-silicon system has been investigated }, 


Denecke (7) by means of melting point arrests and microscopic in 
vestigation. This investigator reported the binary eutectic of iron 
solid solution and FeSi at approximately 20 per cent silicon, and 
showed a eutectic curve going from the binary point and into the 
ternary regions. A minimum is shown on the binary iron-chromium 
melting curve at 14.3 per cent chromium; this point is at about 10 
per cent less chromium than the minimum given by several other 
authors. The minimum is continued as a curve on the ternary melt- 
ing point surface. Denecke also shows the peritectic reaction on the 
iron-silicon binary, by which FeSi and Fe solid solution react to 
form Fe,Si, and alpha solid solution. This reaction is followed far 
into the ternary regions, and the reaction is said to be promoted by 
increase in chromium. The approximate position of the alpha solid 
solubility boundary was shown, without indication of the various 
abutting phase regions which have been determined in the present 
work. The characteristic contour of this phase boundary was there- 
fore missed. This undoubtedly was due to the fact that he did not 
recognize the presence of two phases in addition to Fe,Si, which enter 
into equilibrium with the alpha phase. 

The alloys of iron with silicon have been the object of numer 
ous investigations (8-12). The Engineering Foundation mono- 
graph (4) is a summary and critical review of data published before 
1933. Jette and Greiner (1) investigated a part of the iron-silicon 
diagram by means of X-rays. Addition of silicon to iron was found 
to cause a contraction of the iron lattice constant. Up to about 9 
atomic per cent silicon, the contraction amounts to 0.00065 Angstrom 
units per atom per cent and above 9 atom per cent, it is 0.00209 A. 
per atom per cent. Two straight lines which may intersect in a point, 
or possibly be connected by a short curved section, according to the 
authors, fit the experimental data. 

Researches on the iron-chromium alloys have been reported by 
many investigators. Adcock (15) gives a bibliography on the sys- 
tem, from the early investigations of Treitschke and of Tammann 
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(13), 1907 and up to 1931. R. H. Greaves (30) in his monograph 
“Chromium Steels’ reviews the literature for the entire field up to 
December 1933, Only such parts of the previous work which are di- 
rectly concerned in the present investigation will be mentioned here. 
Xinzel (18) has studied the critical points of iron-chromium alloys by 
means of a telescopic dilatometer, and found the existence of a gamma 
loop the widest range of which was at 12.2 per cent chromium, a 
width which has substantially been checked by Adcock (15) but has 
been questioned by Hicks (19). Preston (20) investigated the lattice 
parameters of the iron-chromium system. Iron and chromium form 
one unbroken series of solid solutions, starting with body-centered 
iron and ending with body-centered chromium. Additions of chro- 
mium expand the iron lattice. A rather flat S-shaped curve results 
when the lattice constants are plotted as a function of the composi- 
tion, but portions of the range may be represented by straight lines 
within the experimental error of the measurements. ‘The connections 
between the various straight portions may be made by small curved 
sections similar to the case mentioned under the iron-silicon system. 
I’. Wever and W. Jellinghaus (32) describe the occurrence of a 
secondary solid solution in the binary iron-chromium system. Neither 
the range of composition nor of temperature was established with 
any certainty. This phase occurs in the neighborhood of the com- 
position FeCr and apparently forms from the simple alpha solid 
solution somewhere between 925 and 1000 degrees Cent. (1700 
and 1830 degrees Fahr.) and is stable at the lower temperatures. 

The existence of this phase has recently been confirmed by S. 
Kriksson (33). Apparently the homogeneity range of the second- 
ary solid solution is gene ‘ally separated from that of the alpha 
solid solution range by a fairly wide two-phase region. At the high 
temperature limit between 925 and 1000 degrees Cent. (1700 and 
1830 degrees Fahr.) the homogeneous alpha and secondary solid 
solution fields meet. The two articles disagree as to the extent of 
the two-phase field. Eriksson claims that he has observed X-ray 
photogram lines due to the secondary solid solution at chromium 
contents as low as 30 per cent at 630 degrees Cent. (1165 degrees 
lahr.), Wever and Jellinghaus, however, give a diagram showing 
that the first appearance of this phase as part of a two-phase field, 


at this temperature, is at about 40 per cent. The structure of this 


secondary solid solution evidently is very complex. Eriksson hazards 
the guess that it is either of monoclinic or triclinic symmetry, 
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The chromium-silicon system was investigated by Frilley | 2) 
by means of density measurements. This investigator inferre:| | 
existence of the following compounds : Cre, Coss: Ce.! 
Cri. 

Borén (22) recently investigated the chromium-silicon 
by means of X-rays, and found that chromium dissolves up to & 
per cent silicon and forms intermediate compounds Cr,Si, Cr,Sij,. 
CrSi and CrSi,. He does not confirm the existence of [rilley’'s 
compound Cr,Si. Silicon is said probably to dissolve little o1 an 
chromium. ‘The structure of the compound Cr,Si was determined 
by Borén who ascribes to it a comparatively simple cubic structure 
It is, however, entirely different in structure and X-ray diffraction 
pattern from both alpha-iron and the superstructure in the iron 
silicon solid solutions. He further states that Cr,S1, is probably 
orthorhombic, and CrSi cubic and isomorphic with FeSi., CrSi. 
is said to be hexagonal. 

The melting point of pure chromium has been the object of 
numerous investigations, and figures ranging from 1513 to above 
1900 degrees Cent. (2755 to above 3450 degrees Fahr.) have been 
published. The discrepancies have been ascribed to contamination 
with crucible material, oxygen, carbon and especially nitrogen 
Adcock, (15) who determined the complete iron-chromium liquidus, 
gives the figure of 1830 degrees Cent. (3325 degrees Fahr.) for the 
melting point of pure chromium as the result of very careful work 








OUTLINE OF EXPERIMENTAL PROCEDURE 





The experimental work which is recorded and interpreted in 
the following chapters included the following steps: Melting a 
number of ternary alloys; annealing of the ingots in order to insure 
uniform distribution of constituents; chemical analysis of the an- 
nealed ingots; preparation of metallic powders; sealing of the 
powders in evacuated glass or silica tubes; heat treatment and 
quenching of the tube-enclosed powders ; preparation of X-ray speci- 
mens from the quenched powders; and the procurement of powder 
photograms of the crystal structures of their constituent phases; 
measurements of the photogram lines obtained and calculation 0! 
their sin? @ values and further identification of phases. 


Raw Materials 


The alloys which were used in the present investigation were 
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orepared by melting together silicon, electrolytic chromium and 
} - : 7 ° 

carbonyl iron. The silicon was a refined product, supplied through 
the courtesy of the Electro-Metallurgical Company, New York. 


\nalysis of this metal, reported by the sfroducer, is given in ‘Table I. 


Table I 


Chemical Analysis of Refined Silicon and Carbonyl Iron 
Silicon Carbonyl Tron 
Per Cent Per Cent 
Silicon . ae ‘ ere we ae 5 ee 
Carbon BO be ts wa ee 
lron 
Aluminum 
Calcium 
Manganese .... <. Coen i. aiae a 
Nitrogen 0.006 ee ..0,004 
Oxygen 0,034 
Hydrogen ... 0.006 
Total 99.953 


Chromium was likewise supplied by the Electro-Metallurgical 
Company. It was an electrolytic product from the same lot as that 
supplied for the work of Jette, Nordstrom, Queneau and [oote on 
the nickel-chromium system (34). The carbon content of such 
chromium is below 0.02 per cent and usually runs not much above 
0.01 per cent. Chemical tests had previously revealed 0.04 per cent 
iron and 0.017 per cent sulphur with a trace of silicon, and spectro- 
scopic tests showed no other elements present. 

A standard grade of carbonyl iron was bought from the I. G. 
Farbenindustrie, Oppau Works. The analysis is included in ‘Table I. 


Melting Practice and Ingot Treatment 


Most of the alloys were melted under vacuum in a high fre- 
quency furnace. The charges were accurately weighed out on an 
analytical balance. The charges usually weighed about 33.3 grams. 
\. few slightly smaller charges were also melted. Alundum crucibles, 
Norton’s ## 6457, were used. These invariably showed signs of 
slight reaction with the charge, presumably due to slagging action of 
small amounts of oxides known to be present in the raw materials. 

The vacuum was controlled by means of a closed end mercury 
manometer ; hydrogen was used repeatedly to flush out the silica tube 
before the final evacuation. It was often found necessary to raise 
the temperature of the charge considerably above the apparent melt- 


ing point of the alloys in order to get the chromium to melt. Occa- 


sionally some of the chromium would float on top of the molten metal 
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Table Il 
Chemical Analysis of Alloys 


Weight Per Cents 
Analysis Analysis 
Alloy No. Cr Si Alloy No. Cr 

A-1 2.28 .O5 G-33 

2 4.42 .05 G-34 

6.61 oo ee G-35 

8.79 ceed B-36 

81 02 B-37 

.O1 48 G-38 

74 8. Cc 
54 
58 
59 
36 
43 
86 
83 
.09 
28 
.16 
.28 
93 
43 
64 
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*Not analyzed. 


and dissolve in the melt only after prolonged heating. Chromium 
readily-evaporated under the existing conditions and some was almost 
invariably lost. Silicon was lost by spattering. During the heating 
up of the charge the silicon metal, which was in the form of fine 
grains, would often be thrown upwards, and attach itself firmly to 
the sides of the crucible and silica tube. The silicon losses were regu- 
larly smaller than the chromium losses. The alloys were generally 
held above the fusion temperature for several minutes after all the 
metal had dissolved, and allowed to cool in the crucibles. 

Table II gives the alloy numbers and the results of the chemical 
analysis. 

The location of the alloys on a triangular co-ordinate system 
may be seen in Fig. 1. All analyzed alloys are given by their chemical 


analysis, and indicated in circles of single line. A few alloys which 


were not analyzed, but prepared by melting together weighed por- 
tions of analyzed alloys, are given by the composition of their charges, 
and indicated in double line circles. The proper alloy numbers have 
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Atomic Per Cent Silicon 


Fig. 1—Alloy Location Diagram. 


been placed alongside the indicated alloy compositions. ‘The letters 
\. B, C, ete., indicate the section lines on which it was aimed to 


place the alloys. 


The alloys which were not analyzed, excepting Nos. 54 and 55, 


viz., all those indicated by numbers 56 to 69 inclusive, were melted 
in ;‘y-inch bore evacuated silica tubes in a gas-oxygen blast lamp. 
The charges for these alloys were made up from weighed portions of 
pairs, and in a single instance three, of the analyzed alloys. Their 
computed gross compositions are given in Table III. The tempera- 
ture of the flame was raised until the silica tubes would collapse 
around the charges, and the tubes were heated at this temperature for 
three or four minutes and cooled slowly during about ten minutes. 
it was possible to obtain one continuous ingot in nearly every instance. 
Failing in this the ingot was discarded and a new charge made up. 
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In the cast condition the ingots possessed rough da 
surface films where the ingot had touched the crucible, 1 


; 
, LOp Of 


lored 


the ingots usually had smooth, transparent oxide films. Those wer, 


removed by grinding. The annealing was done in an eva 
sealed silica tube about 34 inch bore. All heating was pet 


rmed I! 
nichrome-wound resistance furnaces, which were brought up to 10M 
degrees Cent. (1830 degrees Fahr.) and held for one wee! 


upon they were allowed to cool down with their contents 


where 


Table Ill 
Compositions of Alloys Made by Melting Mixtures of Alloys 
of Known Composition in Sealed Tubes 
Composition Weight Per Cent 
Alloy No Pet Cent Fe Per Cent Cr Pet Cent Si 
a a. ee ee ae 8 17.44 14 


) ¥ee6e ter 3.65 19.95 16.40 
a” 42 cate’ 8.7 18.62 12.68 
9 ; sia ee Bp fF 19.40 
ae sedan kt ow ava ed caked 0.47 
61 6 6s ee ee é- 20,98 


6 ‘ wa i sie 23.90 

7.8 28.43 
11.96 
13.08 
25.00 
36.45 
28.4 
23.36 


*Approximate. 


Chemical Analysis 


After the anneal, the ingots showed more or less discolored su 
faces, generally greenish. These surface films were removed by 
grinding. From those ingots which were machinable, turnings wer 
obtained, while those which were not, were broken up and a portion 
for analysis was crushed. Crushing was done in a steel mortar, fol 
lowed by grinding in an agate mortar to 100 mesh. 

The large majority of the alloys were analyzed for chromium 
and silicon, and a few determinations of iron were made. 

Hydrochloric acid would readily dissolve all but a few of the 
alloys; a few could be dissolved only after prolonged boiling with 
concentrated hydrochloric acid. Generally the higher the amount o! 
alloying elements the less easily could the alloys be dissolved. More 
trouble was caused by high silicon than by high chromium content 
Alloy No. 42 which corresponds nearly to the composition Cr,Fe,5! 


. . . . . a : . : rclered 
went into solution with extraordinary rapidity in finely powdered 
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1036 
iY 


form when warm concentrated hydrochloric acid was poured over 
t. This is the more remarkable since subsequently it was found 
that neither concentrated hydrochloric acid nor aqua regia would 
etch a polished surface of the same specimen, and this had to be ac- 
complished by means of a mixture containing hydrofluoric: acid. 
Sulphuric acid could be used to bring those alloys containing the 
lesser amounts of alloying elements into solution, while nitric acid 
even in mixtures with other acids showed a strong tendency to render 
the alloys passive. A few alloys were dissolved in hydrochloric acid 
mixed with a smaller portion of hydrofluoric acid; no silicon deter- 
minations, of course, were made on such solutions. 

Silicon was determined by the sulphuric acid evaporation method 
described by Lundell, Hoffman and Bright (23) and by Hillebrand 
and Lundell (24). Chromium was determined by the ferrous sul 
phate—permanganate titration method, after oxidation of the chro- 
mium solutions by ammonium persulphate, described by the same 


authors. Determinations on three samples were made by two differ- 


ent analysts, giving a check on the general method of analysis for 
these elements. The results of all these determinations are given in 
Table II. Carbon determinations by the total combustion method 
were made on four samples, one of which was a mixture of portions 
from all samples except the other three analyzed. These determina- 
tions are due to the courtesy of the Union Carbon and Carbide Re 
search Laboratories, Inc. The results are given in Table IV. Mr. 
Walter Crafts who reported these results states that they are based 
on single determinations on 10 factor weights. 


Table IV 
Carbon Analysis on Alloys 


Carbon 
Sample Per Cent 


G-35 0.011 
G-38 0.018 
D-39 0.010 

0.014 


Powders for X-ray Exposures 


hose alloys which could be reduced by crushing were reduced 
to 00 mesh in an agate mortar. Two to three gram portions were 
taken from each of the previously mentioned 100-mesh samples also 
used tor chemical analysis. Alloys which were too tough to be 
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crushed were ground down on small alundum wheels, 
dust obtained was magnetically separated from admixtu 
purities from the grinding wheel. About 90 per cent o| 
dered metal could be passed through a 200-mesh screen, ai 
of the remaining 10 per cent went through a 100-mesh 
As needed, small portions of these samples were seal. 
evacuated tubes of '% to % inch bore. Silica tubes wer 


ised 
treatment temperatures exceeding 800 degrees Cent. (1470 degree 
ahr.), Jena glass for powders treated between 600 and 800 degre 
Cent. (1110 and 1470 degrees Fahr.), and Pyrex glass for powde 
at lower temperatures. 

‘The sealed up powders were heated in a vertical nichrome-wou 
resistance furnace, the arrangement of which has previously bee 
described.” 


This type of furnace and the technique used provides a pra 


tically instantaneous quench. In order to secure a reasonable a 


proach to equilibrium at the lower temperatures, the alloys w 
heated to at least 800 degrees Cent. (1470 degrees Fahr.), 
hs S 


Ty 


furnace 
cooled to the desired temperature, and retained at this point for six 


teen to forty-eight hours. The powders were pasted on paper strips 
by means of Duco-cement in as thin and even layers as possible. 

A special thermocouple was built and standardized for use with 
the quenching furnace. It was checked at four points against 
U.S. B.ofS. thermocouple. The checking was repeated after th 
completion of the whole series of heat treatments; it was found that 
the temperature—e.m.f. relation had remained virtually unchange: 


X-RAY APPARATUS AND [TECHNIQUE 


The powder method was employed. All but a few of the ex 
posures were taken in focussing cameras designed by Phragmen. 
description of this type of camera was recently given by Westgre! 
(2). These cameras were calibrated with a number of pure metals 
using lattice constant data determined by Owen and Yates (39 
The results of these authors have been closely checked by investiga 
tions recently reported from this laboratory. [See Jette and Foot 
(36).] Part of the work was done with a Siegbahn tube and par 
with tubes designed by M. W. Cohen (31). With the Siegbahn tul 
the exposure times were generally seven to eight hours in the inne! 


*Ref. (34) page 37 
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od outer range cameras and three hours in the middle range camera. 


\With the Cohen tube, the times were respectively three and two 
However, some powders, particularly of alloys 49 and 50, 


hours 
required longer exposures. Both iron and chromium radiation la,, 


and KB were used, The wave lengths employed were those given 
hy Siegbahn in 1933; for Cr, IXa, 2.28503, Ka, 2.28891, 
2.08060, and for Fe, Ka, 1.932076, IKa, 1.930012, 


1.753013. On alloys high in chromium content, iron radiation 


a 



































5 10 15 
Atomic Per Cent Chromium 


Fig. 2—-Iron-Chromium System; Lattice Parameters Versus 
Composition, Angstrom Units Versus Atom Per Cent Chromium 


produced poor reflection lines due to the proximity of the wave 
lengths of iron radiation to the absorption edges of chromium. ‘The 
reflecting crystal planes for iron radiation Ka,,, were the (220) 
planes and for KB the (310) planes; with chromium radiation the 
reflecting planes were the (211) planes for all three wave lengths. 
In Table V the results of the film measurements in the form 
of values for a, for those alloys which yielded lines of the alpha 
phase are recorded, together with the composition in terms of atomic 
per cent. They are arranged in consecutive order of alloy numbers. 
The values given are average values of lattice parameters computed 
irom the outer two or three lines of films exposed in the outer 
camera, In many cases the figures given are the results from several 
films, the individual values of which have been averaged. In a few 
cases these averages are based on exposures of individual samples 
separately heat treated for various lengths of time. All lattice param- 


eters are stated in Angstrom units, (1 A The Roman 
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Table V 


Experimental Results 


Composition 


At At At. Lattice 
Per Cent Per Cent Per Cent Parameter 


Quenching 
ke ( SI ado; A 


Temperature 
97.46 0.10 > 8613 600 
95.17 73 0.10 8628 600 

92.84 7 0.10 

90 52 +8 0.10 

87.3 0.05 

Q7 7 & U5 

5 

».32 

63 

$5] 

83 

3 


8637 600 
8643 600 
8650 600 
8603 600 
8604 600 
8595 600 
8594 600 
8589 600 
8561 1000 
8524 1000 
8533 600 
8526 1000 
8522 580 
8481 950 
8475 800 
8442 600 
8437 450 
8385 1000 
8372 806 
.8259 1000 
8261 800 
8226 600 
8225 540 
8212 450 
8391 1000 
8375 803 
8361 605 
8312 1002 
8315 580 
8192 1010 
8216 800 
.8226 600 
8223 450 


r 


ho DO bo bo 


.07 


7 





DD ND NO KW DO FY FV lO | DCO BN by fo FO 





) 
9 
9 
: 
: 
9 
9 
9 

? 


.8162 1004 
8185 800 
8182 800 
8192 $50 
2? 8168 997 
2.8188 800 
2.8200 600 
2.8200 $50 
997 

992? binary 

994 binar\ 

8299 996 | 
8289 806 I 
8267 603 
I 

| 


t 


t 





A A AAA AA oo 


| 
| 
I 
| 
I 
| 
I 
| 
I 


8321 997 
8243 996 
8185 996 
8326 994 
8326 805 
2.8294 605 
8441 1000 
8413 800 
8417 642 
8407 600 
450 
1000 
800 
600 
1000 
1000 
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Table V (continued) 


Composition 


At At At. Lattice 
Per Cent Per Cent Per Cent Parameter Ouenching 
Fe Cr Si ao; A Temperature 
28.20 8577 793 


2858) 600 


8456 990 
‘404 $12 
8394 642 
{74H 90) 
ROS 

600 

150 

1000 

807 


S80) 
1000 
YRS 
1000 
964 
797 
88 
40 
1000 


aA“ 


Oe Le 





- 


797 
8S 

S50 

R00 

ROO 

63.66 be d ; ; URS 
800 

O00 

onto cosee een ee d 450 
66.03 é : 29.94 2.8170 YRS 
$187 795 

8200 600 

cea adams ai dua 2.8202 150 
66,24 26. 2.8217 985 
8221 800 

8230 600 

vo. ees awe 2.8222 150 
80.60 ; 17.00 2.8393 R00 
, ‘ Si2 ee 800 
8.3 2.8608 975 

2.8600 9V00 

2.8605 797 

O01 592 

aa eae Kaitos xen 2.8596 450 
x ) 65.64 5 2.8541 1000 
2.8545 900 

2.8538 797 

2.8539 600 

haces éor sara we 2.8544 450 
81.12 ‘ 2 2.8500 900 
68.01 4. 4. 2.8198 985 
2.8200 818 

2.8208 600 

2.8206 S50 

8245 YRGO 

8242 S18 

2.8249 600 

8248 450 

2.8301 800 

2.8303 800 

2.8275 997 

8258 600 

.8271 998 

.8240 594 

2.8345 9RR 

2.8319 600 

.8541 993 
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Table V (continued) 


Composition 


At. At. At Lattice 
Per Cent Per Cent Per Cent Parametet Ouenching 
Ke Cr Si ao; A ‘Temperature 


69.17 16.15 14.68 2.8559 808 
eeeée eeeee ctees 600 
17.60 17.50 34.90 99] 
66.34 20.76 12.90 2.852 998 
S00 
96 
1000 


495 


60.15 


S95 
9YRR 
808 
600 
1010 
826 
621 
1010 
820 
621 
1000 
795 


595 


64.19 


OU 


2 ODD BO DO NO by WN OS ND BS Bl FS 


r 


97 y 
807 
620 


) 

) 
2.4 

? 
a4 
2.3 

) 

) 

) 

) 

> 


1000 
boule simea 768 
58.17 a 2 1000 


770 


*Probably not in equilibrium. 


numbers in the last row of the table indicate the phase fields in which 
the alloys are located on the diagrams, Figs. 14 and 15. 

In order to compare the lattice parameter measurements of this 
work with those of Preston in his investigation of the iron-chromium 
binary (20) six alloys of this binary series were made, analyzed 
and their parameters measured. In Fig. 7 the results of five ot 
these determinations and the corresponding ones of Preston hav 
been plotted on the same diagram. Preston’s results appear on the 
plot as open circles. It may be seen that the two sets of values 
agree within the accuracy of the experiment, which may be stated to 
be + 0.0005 A. The sixth result is for alloy 71, for which the lattic: 
constant is 2.8694, while Preston’s curve gives the same value. 
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\lloys Nos. 1-9 were quenched from above 1000 degrees Cent. 
(1830 degrees Fahr.). Photogram lines of these powders were in 
distinct and broad. Quenched from 600 degrees Cent. (1110 degrees 
Fahr.) their lines were sharp. This undoubtedly was due to the 
well known effect of the gamma-alpha transformation, which it has 
been found impossible to arrest by quenching in many ferrous alloys. 
It was estimated that the boundary line of the stability field of the 
vsamma phase at LOOO degrees Cent. (1830 degrees Fahr.) passes 
near alloy No. 9. On the diagram of Fig. 12, this Jine has been 
shown in dashes. The endpoint on the iron-chromium binary is 
taken from the work of Kinzel (18) and that on the iron-silicon 


binary from Wever and Giami (25). This ternary boundary is 


obviously only a rough estimate. 


Variation of Lattice Parameters with Composition in the 
Alpha Solid Solution Region 


A plot giving the relations between the atom per cent iron and 
the measured lattice parameters in the alpha phase region is repro 
duced in Fig. 3. The iron-silicon binary of Jette and Greiner (1) 
and the iron-chromium binary of Preston (20) have been plotted 
together with five sections obtained in the present investigation ; the 
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Atomic Per Cent Iron 


. nateien Parameters, Alpha Solid Solution Range; Angstrom Units Versus 
ent ron, 





390 LRANSACTIONS OF THE A. S. M. 


experimental results on which the latter are based are given 
V. From the plot it may be seen that these relations ¢o) 
nearly with straight lines. The section marked B shows 


bond 


a Similar 


break or bend as those previously noted for each of the two binarie< 


There are not sufficient alloy points on sections F and [D tor laying 
down the sections, and these have been found by interpolatio from 
igs. 9 and 10. It will be noted from the location diagram, | ig, 6. 
that many of the alloys are off the section lines by considerah 
distances. These five sections are, therefore, not suited for direct 
location of the phase boundaries. 


lig, 4 shows sections of constant atom per cent of iron drawn 


through each of the alloy compositions of the solid solution range 
q &\- 


In the preparation of these sections use was made of an aunxilliary 


plane, the trace of which is marked B on the location diagram, Fig 
l, and on Fig. 4. The perpendicular distances of each alloy from 
this trace was measured on Mig 1. These distances were laid out 
perpendicularly from the line B on the diagram, Fig. 4, and each 
distance was marked by a point and annotated with its proper alloy 
number. Through each of these points lines were drawn parallel 
to B. The lattice parameters of the various alloys were then taken 
trom Table V and marked on these parallels as ordinates, 

[ach of the lines which were drawn perpendicular to B through 
any alloy on Fig. 1, represents a trace of a section of constant iron 
content. These traces were produced until they intersected the iron 
chromium binary and the iron-silicon binary. The perpendicular 
distances of these intersections from the line B on hig, 1 wer 
similarly laid out from B on Mig. 4, and parallels to B were drawn 
The lattice parameters corresponding to these binary points wer 
read from Preston’s diagram and from Jette and Greiner's diagram 
respectively, and marked on the parallels as ordinates, 

In this way, three points were generally obtained on each section 
of constant iron content passing through any given ternary alloy 
On some sections additional points were obtained by interpolation 
between alloys on the sections shown in Fig. 3. The points on any 
given section of constant iron content in Fig. 4 were connected by 
smooth curves. Each curve was made to conform to the shape ot 
its neighbors, so that none of them would intersect. 

As a final step, a diagram of horizontal sections, or isopara- 
metric curves of the parametric surface, was prepared and this is 
reproduced in Fig. 5. The process of preparing the latter diagram 
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was as follows: The trace B was drawn in on Fig. 5 and the constant 


‘ron sections passing through each alloy were marked on lines per 
vendicular to B. It is seen that on diagram 4 any chosen lattice 
narameter intersects the various constant iron sections® at distances 
which may be measured out from trace B. By actually measuring 
these distances and laying them out on diagram 5 from the trace B 
on their proper constant iron sections, a number of points of 


‘dentical lattice parameters and varying compositions were obtained. 


Atomic Per Cent fron 
«- on Fe-Si Binary--*« on Fe-Cr Binary > 
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Fig. 4—-Parametric Surface; Stage in Development. Sections 
of Constant Iron Content. Angstrom Units Versus (Atom Per 
Cent Cr) + (Atom Per Cent Si). 


















These points were then connected by a smooth curve and yielded 
an isoparametric curve. Such isoparametric curves were laid down 
spaced 0.001 A apart. The process had to be repeated for each 
isoparametric curve. Figs. 3 and 4 show diagrams which essentially 
are stages in preparation for the final diagram of isoparametric 
curves shown in Fig, 5. Sections from these preliminary stages will 
therefore not be used in any subsequent work, but new sections 
obtained from the final diagram, Fig. 5, are to be employed. It may 
be noted that all the measured parameters fall within the experi- 
mental error of 0.0005 A in their appropriate places with reference 
to the isoparametric curves shown on the diagram. 





h curve represents an intersection between the parametric surface and a_ vertical 
it constant iron content, 
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Variation of Lattice Parameters with Quenching Temp, 


It has been mentioned that lattice parameters are functions of 
temperature measurable in terms of the coefficients of expansion of 


the phases under consideration.‘ In the present section, however 


we are not concerned with this kind of temperature variation: all 


the lattice parameter measurements used were measured at substan. 


Wf 
Y/f 


.. 2 


Atomic Per Cent Silicon 
Fig. 5—Parametric Surface; Isoparametric Curves in the Alpha Solid Solu 

tion Region; Room Temperature; Atom Per Cent. 
tially the same temperature, i.e., room temperature. The variations 
here considered are due to the changes in the compositions of the 
phases of the system with temperatures of quenching and are, under 
proper conditions, essentially a measure of these changes in composi- 
tions. In the following diagrams (Figs. 6 and 7) the variation with 
quenching temperature of lattice parameters in the three two-phase 
regions which have been found in this system is illustrated. 

The abscissae give the lattice parameters in Angstrom units, 
and the ordinates indicate the exact temperatures of heat treatment 


- — 


‘See also Reference 37. 
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rom units, 
treatment as measured from time to time and immediately before quenching. 
Four temperature levels, viz. 1000, 800, 600 and 450 degrees Cent. 
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Fig 7——-Lattice Parameters Versus Quenching ‘Temperature; Region VIII. 
Angstrom Units Versus Degree Centigrade. 


(1830, 1470, 1110, 840 degrees Fahr.), were those generally em- 
ployed. The figure at the head of each curve indicates the number 
of the alloy to which the data applies. 





n VIII. 
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the curves have been drawn in between the plotted points in 
such a manner that alloys which at the temperatures employed re- 
main continuously within one of the phase regions are represented 
hy continuous curves, while those which exist in different phase 
regions at different temperatures are represented by two intersecting 
curves. each of which corresponds to a separate phase region. ‘To 
accomplish this it was necessary not only to measure the lattice param- 
eters of the alpha phase, but also to identify each of the phases 
appearing on the various films. This at times required the use of 
the middle and inner range cameras where the most characteristic 
lines of the individual phases occur. 

Reference to the diagrams shows that practically all of the 
points fall within 0.0005 A. of the curves. This consistency of the 
results may be taken as an indication that a reasonable approximation 
to equilibrium conditions has been reached. ‘This is further borne 
out by the fact that powders which were given a long time anneal 
before quenching check well with those given a short time anneal. 

It may also be seen that though the measured parameters at 600 
and 450 degrees Cent. (1110 and 840 degrees Kahr.) agree in size 
within 0.0005 A., there is a distinct trend in many of the curves at 
the lower temperatures. 

Three separate two-phase regions yielding lines of the alpha 
phase have been found; it will be convenient to observe their locations 
on diagrams 14 and 15 and their notations: II, VI, and VIII. 


The Alpha Plus Sigma Region 


This is the region annotated II on diagrams 14 and 15. The 
composition of the secondary phase, sigma, will later be shown to 
be variable. It is a solid solution, based on the binary phase FeCr 
of Wever and Jellinghaus, (32), and in the ternary system it con- 
tains silicon over a fairly wide range of compositions. The range of 
composition over which the sigma phase is homogeneous has not been 
determined accurately. 


Alloys No. 13, 14, 59 and 63 yield films showing one phase at 


higher temperatures and two at lower temperatures. The parameters 
vary with the quenching temperature in such a manner that each 
may be represented by a plot having a vertical portion in the higher 
temperature range and a curve below this range. The vertical por- 


lions 


correspond to the lattice parameters of the single-phase region, 


invariant with quenching temperatures. Alloys No. 17, 31, 36 and 
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37 all yielded films showing two phases at all temperatures ¢ 
They are all represented by curves having approximately 
curvature, showing a trend of gradually decreasing parame! 
decreasing quenching temperatures. 

Alloys No, 33, 35, 38, 49, 50, 61 and 66 all yield line 


of tw 


phases, but their lattice parameters show no variations exceeding th, 
g th 


experimental error of 0.0005 A., with the quenching temperature, 
The plots have consequently been drawn in as straight lines: thes 
however, do not indicate constant solubility with varying quenchin 
temperatures, as will be shown later. The possibility of such cases 
occurring has been discussed in another article. (Ref. 37). 

Alloys No. 14 and 59 show altogether three plotted points lying 
off the curves with a distance larger than the experimental error of 
0.0005 A.; this, however, need not be disturbing among such a large 
number of measurements. The probable error on the respectiy 
curves is less than 0.001 A., and on the interpolation and averagin 
processes to be described later, the effect of these somewhat larg 
deviations will be negligible. 


The Alpha Plus (Fe,Cr), Si, Region 


This region has been annotated VIII on the diagrams of figures 
14 and 15. Photograms of alloys No. 19, 22, 44, 45 and 46 indicat: 
that they lie within the two-phase region at all temperature levels 
All show distinctly the lines of both phases. The curves represent 
ing the relation between lattice parameters have, therefore, been 
drawn in as continuous ones. It may be seen from the plots that 
the experimental points are distributed about the curves with devia 
tions well within the experimental error. 

It may be mentioned here that the films which show the lines oi 
the compound which later will be identified as (Fe,Cr),Si, also give 
more or less distinct lines of a structure identical with the FeSi struc- 
ture described by Phragmén (12). 

We have here three phases, one of which at least has a compos'- 
tion which varies with the gross composition of the alloy. As the 
third compound is very persistent and cannot be brought to dis- 
appear by any reasonable time of anneal the conclusion must be 
made that we have not reached equilibrium. Since diagrams 14 and 


> 


15 will be used for the determination of phase boundary lines in th 


following, it may be noted that the third phase disappears more and 
an é 


more completely as the composition of the alloys approaches the phase 
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boundary. Its presence will, therefore, not affect the location of the 
phase boundary by a measurable amount. 

\t 1000 degrees Cent. (1830 degrees Fahr.) alloys No. 21 and 
52 show lines of the alpha phase region alone. At the lower tem 
erature levels lines of the secondary phase also appear. This would 
‘ndicate that these alloys consist of one phase at 1000 degrees Cent. 
(1830 degrees Fahr.) and of two phases at lower temperatures. 

Alloys No. 16, 40, 41 and 57 show at 1000 degrees Cent. 
(1830 degrees Fahr.) photogram lines of the alpha phase and the 
(Fe,Cr),Si, phase. At lower temperatures a third phase, which at first 
it was thought might be the FeSi structure discussed above, was 
found to be present. It was noticed, however, that the first seven al- 
loys, 19, 21, ete., yielded parameters which unmistakably increased 
with decreasing quenching temperatures, whereas the latter four, Nos. 
16, 40, etc., decreased with decreasing temperatures. It was further 
noticed that alloy No. 16 yielded lattice parameters at 600 and 450 
degrees Cent. (1110 and 840 degrees Fahr.) which were lower than 
that of the isoparametric line of the alpha phase region which passes 
through the point indicating the composition of No. 16. The observed 
inclination of the parametric surface is such that the parameters in- 
crease with increasing iron content, as shown on the diagrams of 
Fig. 5, and, therefore, the observed low values of the parameters 
of No. 16 could not be possible in the two-phase region. Close scru- 
tiny of the films, however, revealed that the lines from the third 
phase in alloys No. 16, 40, 41 and 57 were not identical with those 
of the FeSi structure previously found in the alloys 19, 21, 44, etc. 
ater, these new lines were found also in alloys No. 26, 30, 54 and 
5, and finally, they were identified from Borén’s published data (22 
as belonging to the compound Cr,Si. 


| 


The phase region in which these four alloys occur below 800 
degrees Cent. (1470 degrees Fahr.) is, therefore, a three-phase re- 
gion composed of alpha solid solution, the (Cr,Fe),Si, phase and the 
compound Cr,Si. At 1000 degrees Cent. (1830 degrees Fahr.) 
only the two former phases are present. The curves have, therefore, 
been drawn in with a vertical portion, representing the parameters of 
the two-phase region with no noticeable change in size at high tem- 
perature and a curved portion representing the lattice parameters at 
lower temperatures in the three-phase region. From data presented 
in a later section, it may be seen that alloy No. 53 falls within the 
two-phase area at 1000 degrees Cent. (1830 degrees Fahr.), but only 
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slightly below this temperature it passes into the three-phase regio, d 
It is, therefore, also represented by discontinuous curves. 
Alloy No. 26 GIVES lines of two phases throughout the npera 
ture range, viz., the alpha solid solution and the compound of th, 
Cr,Si structure; its lattice parameters are therefore represented }) 
one continuous curve (Fig. 6). Alloy No. 30 (Fig. 6) shovy 
alpha solid solution and the sigma structure at 1000 degrees Cey; 
(1830 degrees Fahr.) ; at lower temperatures it shows the structures 
of the alpha phase and the Cr,Si phase. The lattice parameter vers; 
temperature relation for this alloy has consequently been drawn jy 
as two intersecting curves. Alloy No. 58 for which no parameter 
measurement at 800 degrees Cent. (1470 degrees Fahr.) was ob. 
tained has not been plotted; it is, however, similar to alloy No. 30. 


Location of the Phase-Boundary of the Alpha Plus 
(Fe,Cr),St, Region 


The two-phase region which is dealt with in the present section 
is that marked VIII on the diagrams 14 and 15, The general method 
employed consists in finding the intersection of the two parametri 
surfaces over the abutting phase regions, essentially as described in 
another article (Ref. 37). A number of sections of constant chro 
mium content were chosen so that each one would pass through as 
many of the location points of alloys in the two-phase region as pos 
sible. These were chosen without regard to single-phase alloy loca- 
tion points, since sections of the parametric surface in the single 
phase region could be obtained from the diagram shown in Fig. 5 
As the alloy location points were not available close enough to an) 
sections that could be chosen, interpolations had to be resorted to 
This was done by a method similar to that used for determining the 
parametric surface of the alpha phase region as shown in figures 
3,4 and 5. Sections of constant silicon content were passed through 


each of the alloy location points in the two-phase region as shown in 


Figs. 8b, d, f, and interpolated values of lattice parameters from 
these sections were then used for drawing up the constant chromium 
sections, Figs. 8a, c and e. This method was employed for three 
temperature levels in each of the two major two-phase regions. A 
detailed description will be given for the 1000 degrees Cent. (1830 
degrees Fahr.) level in the phase regions at present under considera- 
tion. It is important to note that all the diagrams employed for the 
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determinations of the solid solubility limits were laid out to exactly 
the same scales with respect to composition and to lattice parameters, 
respectively. The scales used were 0.01 A 50 mm and 1 atom 
ner cent 10 mm. 

| Referring to the location diagram, Fig. 1, lines were passed 
through each two-phase alloy location point parallel to the iron- 
chromium binary line until they intersected the reference line marked 
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Fig. &8—Lattice Parameters Versus Composition in the (Alpha 
Plus (Fe,Cr)sSie) Region. Angstrom Units Versus Atom Per Cent. 


(a) Section of Constant Chromium Content, 1000 Degrees Cent 
(b) Section of Constant Silicon Content, 1000 Degrees Cent. 
(c) Section of Constant Chromium Content, 800 Degrees Cent. 
(d) Section of Constant Silicon Content, 800 Degrees Cent 
(e) Section of Constant Chromium Content, 600 Degrees Cent. 
(f) Section of Constant Silicon Content, 600 Degrees Cent 




















“a-a.’ The individual distances from each alloy point to this line 
were then laid out to scale in a horizontal direction on a separate 
diagram and perpendiculars erected from each point and marked 
with appropriate alloy numbers, as shown in Fig. 8b. The lattice 
parameters at 1000 degrees Cent. (1830 degrees Kahr.) were then 
read off the diagram on Fig. 7 and set off on its appropriate perpen- 
dicular. A number of points on various sections parallel to the iron- 
chromium base line on the parametric surface in the two-phase region 
were thus obtained. The various section lines could then easily be 
drawn in through their appropriate points by making each line con- 
torm to the general trend of its neighbors. 
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A number of constant chromium sections of the sing 


phase 
parametric surface, viz., 2.5, 4.5, 7 and 10.5 atomic per ce: 


chro- 


mium were made. They are shown in Fig. 8a where they ar 


I Cpr © 


sented by the highly inclined lines; they were constructed from dia- 


gram Fig. 5 by means of a reference plane, the horizontal and vertical! 
traces of which are annotated “b-b” on the location diagram, lig, | 
and on Fig. 8a, respectively. 

In the two-phase region, the parameter of any alloy located 
exactly on a constant chromium section line could be plotted py 
measuring off the distance of its location point from the reference 
line “b-b” on the location diagram, and transferring this distance to 
lig. 8a, setting it off out from line “b-b” as abscissae with the lat 
tice parameter of the alloy as ordinate. 

Those alloy points which are not located exactly on the section 
lines were interpolated along their constant silicon lines to the de- 
sired chromium section. The procedure was as follows, using as a 
specific example the 4.5 atomic per cent chromium section. 

Alloy No. 45 is considerably off this section line and the inter 
polated value is sought. On the location diagram, Fig. 1, the distance 
from ‘“‘a-a” to 4.5 atomic per cent chromium section is measured 
along the constant silicon section which passes through No. 45, and 
this distance is then laid out horizontally from “a-a”’ on the diagram 
of Fig. 8b. A perpendicular is erected until it intersects the same 
constant silicon section and the correct interpolated lattice parameter, 
2.8172, is read off. This interpolated value can then be used exactly 
as the alloy points which are located exactly on the section, by trans- 
ference to Fig. 8a, as already explained. The number of points thus 
obtained on each constant chromium section were then connected b) 
smooth curves as shown in Fig. 8a, and the intersection of these 
curves with the single phase curves are points on the intersection 
lines between the two parametric surfaces, that is, they are points on 
the phase boundary at 1000 degrees Cent. (1830 degrees Fahr.). 
The solubility limits at 800 and 600 degrees Cent. (1470 and 1110 
degrees Fahr.) were obtained in the same way. Since some of the 
alloys, which at 1000 degrees Cent. are in the two-phase range, be- 
come three-phase alloys at lower temperatures, there will be fewer 
alloys and fewer sections the lower the temperature. Finally, the 
points on the phase boundary were transferred to the horizontal sec- 
tions shown in Fig. 12. Points on the Fe-Si binary line were ob- 
tained from Greiner (26). 
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ation of the Phase Boundary of the Alpha Plus Sigma Region 


The solid solubility limits between the alpha plus sigma and the 


Ipha regions, which are annotated II and I, were determined by 


exactly the same procedure; in Fig. 9 and 10 diagrams showing 
constant silicon sections and constant chromium sections have been 
chown. The shape of the curves in this case is seen’to be quite dif 
‘erent from those of the region first treated. The intersecting curves 
on the constant chromium sections which yield the solubility limits 
at the higher chromium contents meet at very obtuse angles. Under 


ach conditions the accuracy of the determination must necessarily 


Constant Cr Constant Si 


Fig. Lattice Parameters Versus Composition in the (Alpha Plus 
Sigma) Region. Angstrom Units Versus Atom Per Cent. 

(a) Sections of Constant Chromium Content, 1000 Degrees Cent. 

(b) Sections of Constant Silicon Content, 1000 Degrees Cent. 


remain low. Points on the 600 degrees Cent. (1110 degrees Fahr.) 
isotherm above 22 atom per cent chromium, and on the 800 degrees 
Cent. (1470 degrees Fahr.) isotherm above 25 atom per cent chro- 
mium are considered to be unreliable, and have been disregarded 
in drawing up the isotherm of the phase boundaries in Fig. 12. Fig. 
|| shows a section of constant ratio of Cr:Si. The ordinates are 
Angstrom units and the abscissae are atom per cent iron. This is the 
section marked B in Fig. 8. The lattice parameters in the solid 
solution range were obtained by construction from Fig. 4, and the 
lattice parameters of the alloys in the two-phase region were ob- 
tained from Fig. 6. Values of the lattice parameters of those alloys 
which are off the B-section have been corrected by interpolation. 
The lattice parameters of any alloy in the two-phase region are seen 
to be smaller, the lower the temperature. The points of each tem- 
perature level have been connected with smooth curves which inter- 
sect the single-phase sections. The iron contents of these intersec- 
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tions increase as the temperature decreases. These curves jijtersee 


at angles large enough to give good accuracy on the detern 


Location of the Phase Boundary of the Alpha Plus Cr.Si 


This region, which in the diagram has been annotated VJ. ;, 
very narrow and is wedged in between two three-phase regions, thos, 
marked V and VII, respectively, and bounded by the alpha solid soly. 
tion. Reference to Figs. 5 and 14 will show that the tie-lines jin thi. 


Constent Cr Constant Si 











&.8F0 

Fig. 10—Lattice Parameters Versus Composition in the 
(Alpha Plus Sigma) Region. Angstrom Units Versus Atom 
Per Cent. 

(a) Sections of Constant Chromium Content, 800 Degrees 
Cent. 

(b) Sections of Constant Silicon Content, 800 Degrees Cent 

(c) Sections of Constant Chromium Content, 600 Degrees 
Cent. 

(d) Sections of Constant Silicon Content, 600 Degrees Cent 


region form very obtuse angles with the isoparametric lines, a fact 
which makes the method of sections unsuitable for the determination 
of these solubility limits. 

It is possible, however, to determine the triple points of the 
three-phase regions at the terminals of the two-phase boundary lines. 
The triple point of the region V lies on the intersection of the bound- 
aries of regions II and VI with I. The alpha-phase lattice parameter 
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the three-phase region V was measured and the corresponding 


arametric curve of the single phase region was sought out on the 





ISO] 
diagram of Fig. 9. 
hase boundary of region II must also be that point on the bound- 





The intersection of this isoparametric curve with 





the | 
ry between I and VI where both two-phase boundaries meet and 






‘erminate. One alloy was available in the three-phase region V, viz., 






No, 67 with a parameter of 2.835 A. As the uncertainty in the 






measure of the parameter is + 0.0005 A and as the isoparametric 





lines of the region intersect the alpha plus sigma solubility bound- 





ary, region II, at obtuse angles, the precision of the determination is 





not high. 
The same procedure was followed in the VII region. At 1000 






degrees Cent. (1830 degrees Fahr.) we have in this region alloy No, 


A 


2.850 










25 
Atomic Per Cent Iron 


Fig. 11—-Lattice Parameters Versus 
Composition in the (Alpha Plus Sigma) 
Region. Angstrom Units Versus Atom 
Per Cent Iron. Section B of Constant 
(Atom Per Cent Cr) : (Atom Per Cent 
Si) Ratio. 1000, 800 and 600 Degrees 
Cent. 























68 with a lattice parameter of 2.828 A. At 800 degrees Cent. (1470 
degrees Fahr.) we have alloys No. 40, 41 and 16 in the three-phase 





region with an average parameter of 2.826 A.; at 600 degrees Cent. 
(1110 degrees Fahr.) we have alloys No. 57, 41, 40, 16 and 53, with 
an average parameter of 2.824 A. 

The respective intersections of the corresponding isoparametric 







lines with the phase boundary between VIII and I were sought out 





and marked. Some indication of the course of the boundary between 






the terminal points was established from alloy No. 26, which at all 





three temperatures falls within the Cr,Si plus alpha region, and 
trom No. 54 and 55 at 800 degrees Cent. (1470 degrees Fahr.), of 
No. 30 at 800 and 600 degrees Cent. (1470 and 1110 degrees Fahr.), 
and of No, 58 at 600 degrees Cent. (1110 degrees Fahr.). 
the phase region is very narrow, an estimate could be made of the 
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directions of the tie-lines and their intersections with the correspond- 
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Fig. 12-—Iron-Chromium-Silicon System; Constitutional Diagram of the 


lron-Rich 
Solid Solution Range. Atom Per Cent. 


ing isoparametric lines of the solid solution region could be rough) 
determined. The boundary lines for the various temperatures were 
then drawn in with regard to all points located and also with regard 
to the other two-phase boundaries. The disappearing phase criterion 
also assisted in placing the lines and finally the curves for the three 
temperature levels were made to conform to each other in general 
shape and direction. The accuracy which it was possible to obtain 
was certainly much less than that obtained for the other two-phase 
regions. 


The Secondary Phases 


(a) The Sigma-Phase. The alloys in the phase region marked 
If on the diagrams gave photograms which possess a large number of 
lines besides the lines of the body-centered alpha phase. This phase 
is hard and very brittle. A record of its sin? 6 values is presented in 
Table VI. (Cf. Refs. 32 and 33). It may be noted that very few 
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eta lines are observed. ‘There iS also a conspicuous absence of lines 
n the middle of the range, 
(he photograms of alloy No. 32 show the lines of this phase 
| those of a phase which has lines identical with those of Boren’s 
Si structure (22). On the other hand alloys No. 33 and 35 
show the lines of the alpha phase and the unknown phase; the iron 
content of this must therefore le between those of alloys No, 32 
ind 33 

(he isoparametric lines of the alpha phase in the two-phase re 

ion were laid out from the diagrams of Figs. 9 and 10. ‘These do 

wot intersect in a point, but they all pass through a fairly narrow 
region which includes the stoichiometrically simple composition 
Cr,Fe,Si. Alloy No, 42 has approximately this composition; its 
photograms show only the lines of the new phase. Moreover, the 
lines of this phase shift by small amounts in the various alloy photo- 
crams, thus indicating that its composition is variable. ‘The alloys 
in region II were deliberately placed near the alpha phase boundaries, 
which are far removed from the homogeneity region of the sigma 
phase, 

Considerable interpolation and extrapolation are required in or 
der to extend the isoparametric lines to the neighborhood of the homo- 
geneity region, and their convergence is therefore subject to uncer- 
tainties. ‘They are, therefore, only of qualitative value as indicators 
of the stability range of the phase, but they would indicate that the 
composition of the compound may vary considerably. 

Alloy No. 71 on the binary gives a line pattern identical with 
those found for the ternary alloys. There can thus be little doubt 
that the sigma phase is a secondary solid solution of three compo- 
nents based on the secondary solid solution of the iron-chromium 
binary, the FeCr phase (see below). The existence of this phase 
in the Fe-Cr binary has been the subject of some controversy | see 
Greaves (30)], which we cannot discuss here. We may note, how 
ever, that we have observed that the presence of even a small amount 
of silicon, such as was used in alloys, numbers 71, 72, 73 and 76, 
seems to accelerate the precipitation of the sigma phase from the 
alpha phase. Number 71, which contained only 0.09 weight per cent 

Silicon was distinctly slower in reaching equilibrium even at 775 
‘grees Cent. (1425 degrees Fahr.). 


‘he homogeneity range of the sigma phase may be represented 


ughly lens-shaped volume within the triangular base prism on 
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which temperature is represented as the vertical directi: Ty 
possibilities exist: 1) the sigma phase is based on the binary op 
pound FeCr, in which case its stability region continues 0\ 


to the 


ind th 
stability region of the sigma phase is separated by a single phas 


binary. 2) The binary compound FeCr is non-existent 


region from the binary. The width of this single phase region ¢ay 
not be more than 0.09 per cent silicon at approximately 50 per cey 
chromium. At present, we are not prepared to decide which 0; 
these two possibilities actually exist. Therefore when we use the 


term binary compound FeCr and binary of iron and chromium, it js 


with the reservation that a pseudo-binary with 0.09 per cent silicon 
may be more correct. The Fe-Cr binary intersects this lens in sucl 
a way that the maximum temperature on the binary lies between 
925 and 1000 degrees Cent. (1700 and 1830 degrees Fahr.), and 
probably closer to the lower limit. With increasing silicon content 
the maximum temperature increases well above 1000 degrees Cent 
(1830 degrees Fahr.). The 1000 degrees Cent. isothermal section 
of the ternary system intersects this lens in such a way as to yield 
an area of homogeneous sigma phase which is well removed from 
the binary. It may extend a few per cent beyond this composition 
but its extent has, however, not been determined. Since it is estab- 
lished that above about 925 degrees Cent. (1700 degrees Fahr.) the 
sigma phase recedes from the binary, isotherms above this temper- 
ature will show a terminal solid solution phase continuously from 
the Cr-Si binary to the Fe-Si binary. Below this temperature there 
are isotherms on which the sigma phase field and its two-phase field 
separate two portions of this range. The notations used here, II 
and II’, actually denote one region, but on some isotherms it will 
appear separated by the sigma region. 

(b) The (Fe,Cr),Si.-phase. The alloys located in the phase 
region marked VIII on the diagrams yielded lines identical with the 
lines of the Fe,Si, phase which have been described by Phrag- 
mén (12). The structure has not been solved. 

The lines on the photograms of the ternary alloys vary some- 
what with gross alloy composition, and therefore it is certain that 
the pure binary compound does not exist in ternary alloys. The 
isoparametric lines of the alpha-phase in the two-phase region do 

1\Added in proof: Further work by Jette, Foote, and Andersen has shown beyond rea 
sonable doubt that this phase does exist in binary Fe-Cr alloys with Si contents as low as 


0.003 per cent, The transformation temperature for a 50.6 atomic per cent Cr alloy was 
found to be between 775 and 800 degrees Cent. (1427 and 1472 degrees Fahr.). 
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Table VI 
Sin? @ Values of the Sigma Phase of Alloy No. 42 


Intensity Sin? 6 Cr-rad. Intensity Sin? @ Cr-rad, 


0.1248* a 
0.1361* ‘ m 0.8647 ay 
0.1480* « “ 0.8683 ag 
0.2082 i m 0.8700 ay 
0.2335 i Ww 0.8732 r 
0.2410 ym 0.8814 ay 
0.2502 g mw 0.8849 a 
0.2560 i sm 0.9047 ay 
0.2640 m 0.9085 ay 
0.2775 m 0.9162 ay 
0.2900 é m 0.9192 ag 
0.3070 a m 0.9330 ay 
0.3180 0.9362 Ae 
0.3360 0.9503 ay 
0.3525 é 0.9622 ay 
0.3690 i , 0.9673 ay 
0.3865 0.9705 ay 
0.4210 
0.4875 
0.6770 « Lege nd 
0.6794 a» 
0.6887 1s very strong 
0.6937 strong 
0.6959 2 strong to medium 
0.7063 medium 
0.7177 medium to weak 
0.7214 ay Ww weak 
W 0.7452 é vw every weak 
0.7467 3 
vs 0.8308 a alphas=a,; and ag 
s 0.8339 2 ay alpha 1 
s 0.8526 i ag alpha 2 
m 0.8560 ay b beta 


‘These lines could not be found on films of alloy No. 42, but occurred on films of several 

alloys in this region. They may be quantitatively somewhat different from the correspond- 
] al} , > 

ing lines of alloy 42. 


not intersect in a point but spread out, fanshape, upwards from the 
alpha solid solution boundary. This would indicate a homologous 
series with chromium atoms replacing iron atoms in the structure. 
Photograms of alloys No. 20 and 60 which are located to the 
left of the 40 atom per cent silicon section show lines including those 
of the alpha solid solution. Photograms of alloy No. 23 to the right of 
this section show no alpha iron lines. They do, however, show strong 
lines of FeSi. Alloy No. 43 is located approximately on the 40 atom 
per cent silicon section line and its photograms show only Fe,Si, lines 
with traces of FeSi lines. All this bears out nicely the theory that this 
section is a semi-binary with the terminal compounds Fe,Si, and 
Cr,Si,. It has also been noted that the tie-lines show a curvature, so 


that although they start out as straight lines from the solubility 
limit of the alpha-phase, they show a convexity towards the center 
of the diagram. This indicates a lack of equilibrium since the tie- 
lines in equilibrium must be straight lines. (See Ref. 37). This 
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lack of equilibrium may be due to very slow reaction rat It 


1 
is 


well known that Fe,Si, is formed at a temperature various 
to be between 1015 and 1030 degrees Cent. (1860 and 1885 «, 


1CYTERS 


ne ' 
states 


Kahr.) by a peritectic reaction between saturated alpha solid 
and FeSi. It is thus likely that this type of reaction takes 


sOlutioy 
lace I! 


the ternary system (cf. Denecke Ref. 7), between the saturated 


ternary solid solution and a compound having the same structure 4s 
leSi, which in turn may be a homologous series of FeSi and (rs; 
The final products of the reaction must be a two-phase equilibrium }y 
tween saturated ternary alpha solid solution and the (Fe,Cr),s) 
phase. 

Kvidence from the photograms shows further that the unstable 
leSi structure is present only in the two-phase region, and is absent 
in the adjacent three-phase region. As the FeSi structure is not 
found in stable equilibrium with the primary phase, we are not dj 
rectly concerned with it here. It was, however, identified by com 
parison with photograms available in this laboratory. 

(c) The Cr,Si Phase. This phase, as has been noted, has a 
cubic structure and it was identified from Borén’s published sin* 4 
values (28). The lattice parameter of this compound was com- 
puted from the photograms of alloys No. 54 and 55. The value ob 
tained was dy 4.4539 A., whereas the value published by Boren is 
hp 4.4555 A., thus indicating that in the ternary alloys the pure 
binary compound may not exist, but is replaced by a solid solution 
series in which iron is probably substituted for chromium. 


The Alpha Phase Boundary 


In Table VII a number of points of compositions on the phase 
boundaries of the alpha region are given. These points were read 
off the diagram, Fig. 12, and may be used for purposes of repro 
ducing this diagram. These figures are, therefore, subject to the 
uncertainties siated on page 416. The points marked with asterisks 
are triple points. A few points on the two- and three-phase bound: 
aries are also given. These are only very roughly determined. 
Points in other portions of the diagram will not be given as these 
are not known with sufficient precision. 


Further Extension of the Ternary Diagram 


While the object of the present series of experiments was pr 
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Table VII 
The Limits of Solid Solubility—Compositions of Selected Points 
on the Phase Boundaries 


Compositions 
800°C 600°C 


11-\ 
VILVIII 


marily the determination of the limits of the iron-rich solid solu 
tions, enough data was incidentally obtained to make possible a lay 
out of a large portion of the ternary diagram. 

Fig. 14 shows such a diagram in atom percentages at 1000 de 
erees Cent. (1830 degrees Fahr.). From this diagram, conversions 
of atom percentages into weight percentages were made and the 
diagram drawn up in weight percentages, as shown in Fig. 15. The 
800 and 600 degrees Cent. (1470 and 1110 degrees Fahr.) sections 
could as well be drawn, but inasmuch as the temperature variation 
of only the iron-rich solid solution region has been definitely estab 
lished, as shown in the diagrams of Figs. 12 and 13, there would be 
little pomt in doing this. 

The solid solubility limits have been determined up to about 35 
atom per cent chromium and the 1000 degrees Cent. (1830 degrees 
Kahr.) isotherm extrapolated into the chromium-silicon binary. 
Borén’s value of the solubility of silicon in chromium, about 13.8 
atom per cent (22) silicon, has been used. The extrapolated por- 
tion is shown in dotted line, since beyond the sigma solid solution 
region it is based largely upon conjecture. 

However, in the neighborhood of this region a few alloys, viz., 


Nos. 71 to 76, inclusive, may facilitate extrapolation of the 
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Per Cent Silicon 


Fig. 13 [ron-Chromium Silicon System; Constitutional Diagram of the Iron-Rich 
Solid Solution Range. Weight Per Cent. 


solubility limits towards the iron-chromium binary. The phases 
present were identified by the photogram lines, and the parameters 
were computed for four of these alloys. A study of the results 
given in Table V shows that the 1000 degrees Cent. (1830 degrees 
ahr.) isotherm between region I and II must run between alloys 
Nos. 74 and 75 and exclude alloys Nos. 72 and 73 from the two- 
phase region. The homogeneous sigma region at this temperature 
must include alloys Nos. 74 and 42, and exclude alloys Nos. 76, 32 
and 67. The relations between these phases at low temperatures 
have not been represented on the diagrams because the available data 
were insufficient. 


The ternary sigma phase is shown by a small ellipse marked XI, 
but its area bears no exact relation to the extent of the single phase 
homogeneity range of the compound, which is unknown. 
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FesSin FeSi 


Fig. 14--Tentative Diagram of the Iron-Chromium-Silicon System; Atom Pet 
1000 Degrees Cent. 


There must be two triple points in the boundary region of this 
phase. Since only three phases can exist in equilibrium at arbitrary 
temperature levels (excluding the case of a theoretically possible in- 
variant quadruple point), these points must be separated by a two- 
phase range. Alloy No. 32, located in this range, yielded diffraction 
lines of both the sigma structure and the Cr,Si structure, which are 
very distinctive. This field, which is marked IV, thus proves to be a 
two-phase field containing these two phases in equilibrium. 

The three-phase field, shown on the high chromium side, con- 
tains sigma plus Cr,Si plus the saturated binary solid solution of 
silicon in chromium. As no alloy was placed in this region, no di- 
rect verification has been obtained. Theoretically, it would be pos- 
sible for this field to be subdivided into several phase regions. This, 


however, is improbable and in this tentative diagram the simplest 
possible case is shown. This region is marked III. 
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Phases 


, solid solution 
+ 2 

CraSi + Cr solid solution 
t CragSi 
- 2 + CrzSi 
t CraSt 

ay, + CrySi + (Fe,Cr),Sip 

da + (Fe Cr) aSig 

(Fe,Cr)aSio + CreSi +Cr,Si- 

(Fe,Cr)aSie + (Fe Cr) Si 

a 

(Fe,Cr)s Sis 

(Fe.Cr) Si 


FCsSig Fesi FeSip 


Fig. 15—-Tentative Diagram of the Iron-Chromium-Silicon System; Weight Per | 
1000 Degrees Cent. 


The field annotated V contains sigma plus Cr,Si plus saturated 
ternary alpha solid solution. Photograms of alloy No. 6/7 gave very 
good lines of all three of these phases. 

The compound Cr,Si is shown by a half circle which indicates 
a composition range, but must not be considered as specifying its ex 
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\djoining it is shown the two-phase region VI, separating 


throughout its extent the two three-phase regions, V and VII. The 
Jloys Nos. 55, 54 and 26 are located in this region at 1000 degrees 


Cent. (1830 degrees Fahr.); at lower temperatures, Nos. 30, 56 
and 58 are also included. 

Region VII contains the phases Cr,Si plus (Fe,Cr),Si, plus a 
aturated alpha solid solution; all three structures are represented 
hy sharp lines on the photograms of alloy No. 68. The exact com 
nosition of the Cr,Si phase 1s unknown; it may in this region pos 
sibly reach several per cent out into the field, or it may be a pure 
binary compound, Likewise the composition of the (e,Cr),Si, 
phase present in this field is unknown. The two distinct boundary 
lines going out from this compound are, therefore, not known with 
certainty. 

The region annotated IX must be a two-phase region unless 
one complicates the matter by subdivision into several regions. No 
alloy was placed in this region. As shown, it would consist of the 
homologous series (Fe,Cr),Si, plus the Cr,Si phase which here may 
be the pure binary or its isomorphic solid solutions, according to its 
appearance in region VII. The triple point on the (Fe,Cr),Si, semi 
binary has been only approximately located. Since alloy No. 68 is 
definitely of three phases and alloy No. 60 shows two phases only, 
the phase boundary must run somewhere between these two alloys. 

Since the location of the triple points of the compounds Cr,Si 
and the sigma-phase are known only approximately, the phase bound- 
aries going out from these points cannot be definitely placed. All 
these phase boundaries may be subject to temperature variation, as 
indeed has been definitely proven for the four lines going out from 
the triple points located on the alpha solid solution boundaries. 

According to the phase rule, the triple point on the 40 atom per 
cent Si section must be abutted by a single phase region and, as the 
binary terminal compounds also must possess some degree of solu 
bility, the semi-binary has been shown as double lines throughout 
its length enclosing a narrow solid solubility area. 

On the 50 atom per cent silicon section one alloy, No. 48, which 
has not been analyzed, was located. Its photograms yield lines ap- 
parently identical with the FeSi structure, together with some faint 
lines which may be due to traces of (Cr,Fe),Si,. This indicates 
that a homologous series may be formed by the two isomorphic ter- 
minal compounds FeSi and CrSi. 
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Between these two semi-binaries, alloy No. 23° is 
Photograms of this alloy show the lines of both the FeS; 
le. Si, structures; a two-phase region consisting of the tw. 
ogous compounds is therefore indicated. 

Beyond the 50 atom per cent silicon semi-binary line, the coy 
pounds CrSi, and FeSi, exist, and it is also mentioned by Boré 
(22) that silicon dissolves little or no chromium, while earlier iro 
silicon diagrams indicate that silicon dissolves about 4 we; 
cent iron, 

The diagram is presented with the reservation that only th 


alpha solid solution boundaries shown in full lines have been de 


nitely established. ‘The other lines possess varying degrees of un 


certainty up to roughly the 30 atom per cent silicon section. Beyon 


this section the phases and their boundaries shown are the most 
probable ones consistent with experimental results, which are not 
very extensive. They are, however, reliable for purposes of orienta 
tion and for planning of researches on the chromium and silicon ends 
of the system which were not objects of the present investigation 


INCIDENTAL OBSERVATIONS 


The brittleness and hardness of the alloys in the cast condition 
increase with the alloy content. It has been established that man) 


Ss S al 


of the alloys can be hardened by quenching followed by aging 
moderate temperatures, by which sigma phase is precipitated. Ai 
account of a few age-hardening tests will be published im anothe 
paper. 

All alloys consisting preponderately of the alpha phase ar 
strongly magnetic. The sigma-phase is nonmagnetic, Alloy No. 95 
is magnetic but not so strongly, thus indicating that the Cr,Si phase 
is nonmagnetic or only weakly magnetic. Alloy No. 23 which ap 
proximately has the composition (Fe,Cr),Si, 1s weakly magnetic. 

The color of the alloys changes rather strikingly with compo 
sition. Those in the alpha region have the usual iron color, Alloys 
consisting primarily of the sigma phase and the Cr,Si phase have a 
bright silvery luster. The alloys Nos. 43 and 23 having the 
(Fe,Cr),Si, composition were fairly bright and of a bluish tinge. 

A number of samples were polished and the microstructures 
examined. The phases present in the various regions were recog 
nized. Some of the alloys were difficult to etch. Alloy No. 42 was 
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by 50 per cent HCI containing some H,f,. The two alloys, 

67 and 68, had previously shown the lines of three distinct 

Under the microscope only two phases were at first visible. 

\ combination of etching and polishing finally brought out three 

phases in No, 67, while so far no adequate technique for making 
victhle the three phases in No, 68 has been found. 


ACCURACY OF THE RESULTS 


(a) Individual lattice parameters. The uncertainties which 
may cause constant errors are: 1) Impurities in raw materials; 2) 
Chemical analysis of alloys; 3) Calibration of cameras; 4) Calibra 
tion of thermocouples. A numerical estimate of these uncertainties 
is impossible. However, their combined effect on the lattice param- 
eters can be neglected as far as comparison between determinations 
carried out with equal care in other laboratories is concerned. This 
is demonstrated by the fact that measurements of the lattice param- 
eters of iron-chromium alloys in this investigation show no system- 
atic deviation from those previously made by Preston (20). See 
Hig. 2, 

\ list of the possible sources of accidental errors is given in 
lable VIII, together with estimates of their magnitudes, 

The probable error of determination of the individual lattice 
parameters may be stated to be + 0.0006 A. The interpolation 
methods used to obtain the isoparametric curves has tended to av- 
erage out the errors on individual determinations. Errors due to 
reading and plotting may have counteracted this to some degree. No 
close estimate is possible, but considering the comparatively large 
number of alloys used and interpolations on sections of constant iron 
content and on horizontal sections, the isoparametric lines are prob 
ably correct within + 0.0004 A, 

in the two-phase regions, the only error which will differ from 
those in Table VIII is Ay; this is estimated to be approximately 
0.0002 Angstroms, in view of the care with which the alloys have 
been treated and the large number of alloys studied. When this is 
taken into account, the uncertainty becomes + 0.0006 Angstrom. 

(b) Solubility limits. That the solubility limits as they were 
determined from the intersections of the parametric surfaces are 


essentially correct may be judged from the disappearing phase 
Crite 


The reflection lines of any alloy correspond exactly to 
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Table VIII 
Accidental Errors in Alpha-Phase Region 


Estimated 


individual 
Source of accidental errors Ans 


Impurities introduced ‘n the various alloys Ai 
Chemical analyses on the individual alloys Ao 
Lack of equilibrium conditions in two and three phase al 
loys, segregation of constituents \ 
Kk rrors of measurement of temperatures \ 
Readings of photograms, lines, shrinkage of films, and cak 
culation of lattice constants As 
\ 


OO02 
O00? 


OO04 


Temperature coefficient of the heat expansion of the unit 


cells Ao 0002 
7) Effects of quenching A; 0 
%) Uncertainties of plotting, interpolations and extrapolations A\s See tex 


When the errors from sources 1 to 7, inclusive, are combined in the 
without weighing, we have 


A t VY .000252 + .0002% 4+ .00042 + .000252 t 00058 


as the uncertainty of an individual determination. 


those which one would expect them to have, after observing the re 
spective phase field in which they fall at any of the three temper 
ature levels indicated in Figs. 12 or 13. 

Since the intersection of the parametric surfaces can be de 


termined with higher precision the less obtuse the angle of intersec 


tion and since these angles vary with composition and with temper 


ature, a uniform precision over the whole field is probably not ob 
tained. In the (Fe,Cr),Si, region the determined boundaries are 
probably very close to the true ones. An exception is, however, made 
for-the region within two or three per cent of the iron-silicon binary 
at 1000 degrees Cent. (1830 degrees Fahr.), where the solubility 
changes very rapidly with temperature. 

In the sigma-phase region the angles of intersection are bette: 
at 1000 than at 600 degrees Cent. (1830-1110 degrees Fahr.) wher 
they become very obtuse. The 1000 degrees Cent. (1830 degrees 
Kahr.) boundary is probably better than those for the lower tempera 
tures. The angles of intersection of the tie-lines in the Cr,Si phase 
region and the isoparametric lines in the alpha region are very obtuse 
The boundary between these regions is the one where the probable 
error is the largest. 

In general, the shape of the solubility surfaces (or phase bound 
aries) is probably more correct than their absolute locations. -\ 
numerical calculation of the probable error of the determinations 
cannot be made, but it is estimated that as they stand they are on th 
average correct to + 0.5 per cent. 
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SUM MARY 


(he phase diagram of the iron-rich alloys of the iron-chromium 
ilicon alloys has been determined for the solid alloys by the use of 
\-ray crystal structure methods, During the course of this work. 
the methods of interpolation and extrapolation which are based upon 
orthographic projection and developed in a previous article have 
heen applied to the determination of the surfaces which represent 
the variation of lattice parameter with composition (i.e. parametric 
surfaces) in one- and two-phase regions of the ternary system. 

(he parametric surface of the iron-rich solid solutions has been 
developed with considerable accuracy. This is apparently the first 
time that an extensive ternary parametric surface has been determined. 

"he range of compositions over which the alpha iron phase is 
homogeneous has been determined at three temperature levels, 1000, 
800 and 600 degrees Cent. (1830, 1470, 1110 degrees Fahr.) in the 
range of O to about 35 per cent chromium. The alpha phase bound 
iy consists of three sections. Over one section it is in equilibrium 
with a phase of the composition ( Fe,( ‘om % which is isomorphic 
with Fe,Si,. The next section is short, especially at high temper- 
atures, and the phase in equilibrium with the alpha phase is iso 
morphic with Cr,Si. Over the longest section of the boundary the 
second phase is a solid solution based on the compound FeCr, and it 
has been found to exist as a homogeneous phase over wide region in 
the ternary system. This last phase (sigma) dissolves considerable 
quantities. of silicon up to perhaps 9 or 10 weight per cent. 


The sigma phase forms by precipitation from the binary 
(Fe-Cr) and ternary alpha solid solutions. The alpha phase bound 
ary in this region changes rather rapidly with temperature. Thus 
there is 


a range of compositions in which precipitation hardening is 
possible, While this has been proved by experiment, the evidence is 
not presented here. 

(he various sources of error involved in the determinations of 
lattice parameters and solubility limits, and their effects on the ac- 
curacy of the results, has been estimated. 

Uhe general correctness of the stated phase regions of the iron 
portion of the ternary diagram has been demonstrated by con- 
siderable exploration into the complete system. Tentative diagrams 
with compositions expressed in both weight per cent and atomic per 
cent have been drawn, which embody all the available information. 


rich 
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These diagrams cover the whole system below 50 atom per « 


weight per cent silicon. 
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OBSERVATIONS ON THE OXIDATION OF STEEL 
By M. BAEYERTz 


Abstract 


Plain carbon steels, S.A.E. 2330 and a series of com 
mercial chromium and chromium-nickel stainless steels 
were oxidized at elevated temperatures. The oxidation 
was observed to take place in a discontinuous manner. 
This resulted from the preferential oxidation of silicon 
and chromium in advance of the oxidation of the iron 
in the alloy. 

The stainless steels oxidized according to a general 
pattern in which similar oxide forms occurred in the dif- 
ferent alloys. However these similar oxide forms oc- 
curred at different temperatures depending on the chro 
mium content of the alloys. The shift of oxidation type 
with chromium content and temperature is consistent with 
the known limitation of the low chromium alloys to low 
temperature applications. The resistance of the stainless 
steels to oxidation at elevated temperatures appears to be 
due to the formation of two (possibly more) oxides high 
in chromium. 


ECENT metallurgical literature has evinced the interest o/ 


numerous investigators in the rate of oxidation of pure iro: 
and of steel at elevated temperatures. Besides the study of the rat 
of reaction, the oxidation of solid steel also affords an opportunity 1 


study some of the characteristics of the products formed, the form i 
which they are precipitated and the order in which they separat 
from the metal. The formation of scale on steel at elevated tempera- 
tures differs from the oxidation of pure iron under like conditions 
This is due to the additional elements and compounds which steel 
contains ; e.g., silicon, manganese, nickel, chromium, carbides, etc. 
The oxidation of steel was observed to take place in a (ls 
continuous manner, as to be expected. The elements and compounds 
which constitute steel apparently oxidize in the order of increasing 
oxygen concentration required for the precipitation or liberation o! 
the oxides formed. When the additional elements in steel react wit 
oxygen more readily than iron does, oxidation results not only 1 


So- 


A paper presented before the Seventeenth Annual Convention of the - 
ciety held in Chicago, September 30 to October 4, 1935. The author, 
Baeyertz, is assistant research engineer, Carnegie-Illinois Steel Corp., Soul! 
Works, Chicago. Manuscript received May 27, 1935. 
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the formation of a coating of scale, separate and distinct from the 
metal beneath it, but also in the precipitation of oxides within the steel 
adiacent to the coating of oxides which may be considered as the 
scale proper. The precipitation of such oxides in the steel is the 
result of preferential oxidation of the additional elements which are 
more readily oxidized than iron. As oxidation progresses, these 
oxides form part (or possibly in some cases all) of the scale. Ex- 
ceptions to this are, of course, oxides which are volatile at the tem- 
perature of oxidation, e.g., carbon monoxide. The scale on steel 
mav thus have a different mineralogical constitution than the scale 
formed on pure iron. 

In the present study, metallographic evidence of the oxidation 
of both silicon and chromium in advance of the oxidation of iron was 
obtained. When silicon and chromium were present together in 
steel, there was also evidence that the silicon was preferentially 
oxidized before the chromium. Special attention was given to the 
oxides produced by heating low carbon iron-chromium and _ iron- 
nickel-chromium stainless steels in oxidizing atmospheres. 

The steels studied were straight carbon, S.A.E. 2330 and a 
series of low carbon chromium and nickel-chromium stainless steels. 
The straight carbon steel samples were taken from forgings made 
from twenty-pound induction furnace ingots. The S.A.E. 2330 
and the stainless steel samples were taken from commercial rolled 
stock. The analyses of these steels are listed in Table I. An iden- 
tifying type name by which reference will be made is also given. 


The steels were oxidized by heating small rectangular samples 
in an oxidizing furnace atmosphere for thirty minutes to twelve 
hours depending on the temperature and the chemical composition of 







Table I 
Chemical Composition of Steels Investigated 


Per Cent 


Number Type e Mn r S Si Ni Cr Mo Cu 
lL: - 929e 0.21 0.48 0.007 0.024 0.16 ag 
0.30C 0.31 0.48 0.005 0.021 0.18 sal 
0.40C 0.39 0.44 0.009 0.022 6.19 ae 
+ 0.50 C 0.50 0.48 0.007 0.022 0.23 a epee 
5 S.A.E. 2330 0.31 0.57 0.011 0.014 °0.23 3.39 0.07 
6 5 Cr 0.21 0.37 0.011 0.016 0.23 0.18 5.98 
— Cr 0.07 0.53 aor een On O47 232.86 .... ahaa 
8 l2 Cr 0.10 0.47 0.022 0.007 0.22 0.44 12.94 sini 0.02 
2. Tee 0.07. 0.43 0.011 0.007 0.34 0.22 16.96 x. ene 
. 18-8 0.05 0.41 0.008 0.008 0.39 10.08 17.90 
11 18-8 0.07 0.47 0.009 0.005 0.44 11.56 20.07 tons 
12 18-8-Mo 0.07 0.78 0.016 0.005 0.58 £8.60 18.75 2.73 
l 27 Cr 0.08 0.42 0.009 9.005 0.45 0.23 25.97 
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the steel. No long time scaling tests were made. The temperatures 
used were 1400, 1800, 2000, 2200, 2400 and 2475 degrees Fahy 


(760, 980, 1095, 1205, 1315, 1355 degrees Cent.). After oxida. 


tion at these temperatures the samples were quenched in water 
Above 1800 degrees Fahr. (980 degrees Cent.) the heating was done 
in a semi-muffle gas furnace. At 1800 degrees Fahr. (980 degrees 


Cent.) and below the samples were heated in an electric muffle. The 
oxidizing atmospheres were obviously different in the two cases 
However, we believe that, since we were primarily interested in the 
mechanism and not the rate of oxidation, long time experiments with 
carefully controlled atmospheres would not change the general con 
clusions on the mechanism of the oxidation of the different steels 

The samples were polished at an angle to the scale surface. This 
method of preparation exposed sufficient metal and scale surround- 
ing the scale-steel interface to permit study of the scale and steel 
immediately adjacent to the interface. It is important that the method 
of preparation of the samples should be kept in mind in examining 
the photomicrographs. The photomicrographs have been mounted 
so that the scale surface is always toward the top of the page, al 
though frequently beyond the area shown in the photomicrograph 

The metal and scale adjacent to the scale-steel interfaces of a 
series of carbon steels and of S.A.E. 2330 were observed. The car 
bon steels were No. 1, to No. 4, inclusive, Table 1. The S.A.E. 2330 
was No. 5, Table I. These steels contained from 0.16 to 0.23 per cent 
of silicon and had similar manganese contents, namely 0.44 to 0.3/ 
per cent. They did not differ one from the other in the appearance 
of the oxides produced by oxidation at each temperature from 1400 
to 2475 degrees Fahr. (760-1355 degrees Cent.). At 1400 degrees 
Kahr. the inner oxide layer in these steels apparently consisted of a 
single phase, see Fig. 1. The dark spots in the oxide phase in Fig. ! 
are pits. The oxide masses in the photomicrograph are projections 
from the inner ferrous oxide scale layer which were truncated by th 
polished plane examined under the microscope. There was no visible 
precipitation of silica or silicates ahead of the oxidation of iron to 
form the inner ferrous oxide layer of the scale. 

At 2000 degrees Fahr. (1095 degrees Cent.) it was evident that 
the precipitation of oxides took place first along the grain boundaries, 
see Fig. 2. The first visible evidence of oxidation was the forma 
tion of a silicate phase, shown in the few dark rounded particles 
near the junction of the three grains at the bottom of Fig. 2. Th 
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Fig. 1—-Ferrous Oxide Produced by Oxidation of Steels No. 1 to 5 at 1400 
Degrees Fahr. (760 Degrees Cent.). 500. 

rig. 2—Silicate (Dark Rounded Particles) and Ferrous Oxide Produced by Oxida 
tion of Steels No. 1 to 5 at 2000 Degrees Fahr. (1095 Degrees Cent.). x 500. 

_ Fig. 3—Inner Scale and Oxides in Grain Boundaries Produced by Oxidation of 
Steels No: 1 to 5 at 2200 Degrees Fahr. (1205 Degrees Cent.). X 100. 

Nig. 4—Detail of Area Similar to Fig. 3. XX 500. 









small masses of silicate were evidently incorporated in the ferrous 
oxide which formed along the grain boundaries later, shown in the 
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Fig. 5—-Ferrous Oxide Dendrites in Silicate Produced by Oxidation of Steels 
1 to 5 at 2400 Degrees Fahr. (1315 Degrees Cent.). X 500. 

Fig. 6—-Same as Fig. 5, Produced at 2475 Degrees Fahr. (1355 Degrees Cent.). 
x 500. 

Fig. 7—Inner Scale and Area Similar to Fig. 6 after Etching for 5 Minutes 11 
Boiling Alkaline Sodium Picrate Solution, Silicate Slightly Attacked. X 500 

Fig. 8—Area Similar to Fig. 6 after Etching for 10 Minutes in a Saturated Solu 
tion of Stannous Chloride in Ethyl Alcohol, Ferrous Oxide Deeply Attacked. X 9500 
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oxides in the grain boundary at the top of Fig. 2. In Fig. 2 a 
precipitate of fine nonmetallic particles, presumably oxides, may be 
observed within the grains. In case the boundaries of a grain con 
tained precipitated oxides, the fine nonmetallic particles were ob 
served to cover all or all but the centers of the grains. This is illus- 
trated by the grain at the top of the left side of Fig. 2. In case the 
houndaries of a grain were only partly oxidized (as in the case of the 
) 


other two grains in Fig. 2) the fine particles had precipitated along 


and just ahead of the oxidized boundaries of the grains but not in 





the rest of the grains. The preferential oxidation of silicon was 
more evident after heating at 2200 degrees Fahr. (1205 degrees 
Cent.) Figs. 3 and 4. At the first evident oxidation of the grain 
boundaries, (Fig. 4), the precipitated oxide phase was silicate (dark). 
Passing from the first precipitated oxide (at the bottom of Fig. 4) 
towards the scale (at the top and beyond the photograph in Fig. 4) 
the precipitated oxides also contained a small amount of ferrous 
oxide phase (medium grey). Between the oxides illustrated in 
Fig. 4 and the inner scale layer, the ferrous oxide phase became 
predominant. The inner scale layer may be seen at the top of 
Fig. 3. At 2400 degrees Fahr. (1315 degrees Cent.) the precipitated 
oxides resembled those observed at 2200 degrees Fahr. (1205 de- 
grees Cent.) However, the precipitation of oxides in the grain 
boundaries had occurred to a greater depth in the metal than at 2200 
degrees Fahr. (1205 degrees Cent.). As at 2200 degrees Fahr. 
(1205 degrees Cent.) the first oxidation was of silicon. In areas 
where the grain boundary oxides consisted of silicate plus ferrous 
oxide, there were indications that the ferrous oxide had separated 
trom the silicate in dendrites, Fig. 5. 

The formation of dendrites of ferrous oxide was even more 
evident at 2475 degrees Fahr. (1355 degrees Cent.), Fig. 6. This in- 
dicates that at the temperature of oxidation these oxides were in 
a solid plus liquid area of the phase diagram. Benedicks and 
Lofquist (1)* have sketched the liquidus area on which ferrous oxide 





or a series of solid solutions of manganous oxide in ferrous oxide are 
n of Steels N in equilibrium with liquid in the ferrous oxide-manganous oxide- 
Dearees Cent.). silica system. According to the Campbell and Comstock-Wohr- 


“ > - . “. ° ee . . . 
ee | man (2) method for the identification of inclusions in iron and steel, 
r > Munutes in 


500. 
Saturated Solu 


the ferrous oxide phase in Fig. 6 was relatively low in manganous 
tacked, X 500. oxide since it was very slightly attacked after etching for 10 seconds 


‘The figures appearing in parentheses refer to the bibliography appended to this paper. 
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in a 10 per cent solution of nitric acid (sp. gr. 1.42) in ethy 


alcoho! 
and was not attacked after etching for 5 minutes in boiling 


.. ; 
iKaline 


sodium picrate solution (3). The latter is illustrated by Fig, 7 j, 
which the silicate oxide phase (medium grey) has not been attacke 
while the ferrous phase (dark) has been slightly but definitely 


tacked. Attack by boiling alkaline sodium picrate indicates the | 


al- 
0 res 
ence of some manganese in the silicate. This etch also showed tha 
the small oxide globules in the grains frequently consisted of ty 
phases, evidently the same phases as existed in the grain boundaries 
in the same area. The intergranular network which the silicate 
formed in the inner ferrous oxide scale layer is also shown at the 
top of Fig. 7. After etching for 10 minutes in a saturated solution 
of stannous chloride in alcohol, the ferrous oxide was deeply at- 
tacked. Fig. 8. After etching for 10 minutes in an aqueous solution 
of hydrofluoric acid (1 part 48 per cent HF to 4 parts water }) 
volume) the silicate phase was very deeply attacked. 

To summarize briefly, it has been experimentally shown that 
the oxidation of steels containing 0.16 to 0.23 per cent of silicon 
differs visibly from the oxidation of pure iron at and above 200 
degrees Fahr. (1095 degrees Cent.). This difference is manifested 
by the oxidation of silicon in advance of the oxidation of the iron 
in the alloy accompanied by separation of aggregates of silicate or 
silicate plus ferrous oxide in the grain boundaries of the metal under- 
neath the scale. The presence of manganese in the silicate phase was 
indicated. The silicate was evidently a liquid at high temperatures 
in the steels examined. 

The chromium and nickel-chromium stainless steels were char 
acterized by preferential oxidation of both silicon and chromium be- 
fore the oxidation of iron in the alloy. At higher temperatures evi- 
dence of the preferential oxidation of silicon ahead of chromium was 
obtained. The temperature at which this became apparent was 
dependent on the silicon content of the alloy. The oxidation o! 
chromium ahead of the iron was observed from 1400 to 2400 de- 
grees Fahr. (760-1315 degrees Cent.). The oxide systems obtained 
were complex but were evidently composed of one or combinations 
of two or more of the following oxides; ferrous oxide, at least tw 
oxides high in chromium and silica or silicate. Two oxides high in 
chromium were produced which resembled the oxides high in 
chromium previously described (4), (5) in general characteristics b) 
reflected light and color by transmitted light. However, fundamental 
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Table Il 


Inner layer of fer- 
Inner layer of red oxide rous oxide with 
Inner layer of green oxide high in chromium with red red or complex ox- 


high in chromium with ad- or complex oxides high in ides high in 

jacent layer of red oxide chromium precipitated in chromium precipi- 
Cteel high in chromium the steel tated in steel 
6c 1400 to 2400 de 
Ur . 

grees Fahr. 
12 Cr 1400 degrees Fahr. (No ox- 2000 to 2400 de- 
Tt ide precipitated in metal.) grees Fahr. 
1800 degrees Fahr. 

17 Cr 1400 to 1800 degrees Fahr. 1800 to 2200 degrees Fahr. 2400 degrees Fahr. 
18-8 1400 to 2200 degrees Fahr. 2000 to 2400 degrees Fahr. 


(plus Ni or Ni-Fe alloy in 
inner scale.) 
1800 to 2400 degrees Fahr. 2400 degrees Fahr. 






work on the system iron-chromium-silicon-oxygen is needed before 
a complete discussion of the oxidation of stainless steels could be 
attempted. Nevertheless, the few experimental observations recorded 
indicate the general mechanism of the oxidation of stainless steels, 
the reasons for the increased resistance to scaling due to the substi- 
tution of chromium for iron in the alloy and the mechanism which 
limits the low chromium alloys to the low temperature field. 

In general the stainless steels studied (No. 6 to No. 13, in- 
clusive, Table I) were characterized by scaling which assumed similar 
forms in the different alloys. However, the temperatures at which 
these similar forms occurred were dependent on the chromium con- 
tent of the steels. This relationship as experimentally observed has 
been summarized in Table IT. 


5 Per Cent Chromium Steel (No. 6, Table I) 


After oxidation at 1400 degrees Fahr. (760 degrees Cent.), the 
appearance of the precipitated oxides just within the metal near 
the scale-metal interface is shown in Fig. 9. The oxide occurred as 
outlining of the grain boundaries of the metal and as minute particles 
within the grains. The oxides were too finely divided to permit ob- 
servation of their characteristics. The penetration of such oxidation 
into the metal underneath the scale was slight. Such sections had 
identical appearance after six hours and after twelve hours at tem- 
perature, 

After oxidation at 1800 degrees Fahr. (980 degrees Cent.) the 
form of the precipitated oxides was intermediate between that just 
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Fig. 9——-Chromium Steel No. 6 Containing 5 Per 
Degrees Fahr. (760 Degrees Cent.). < 500. 

Fig. 10—Chromium Steel No. 6 Containing 5 Per Cent 
2000 Degrees Fahr. (1095 Degrees Cent.). 500. 

Fig. 11—Chromium Steel No. 6 Containing 5 Per Cent Chromium Oxidized at 240 
Degrees Fahr. (1315 Degrees Cent.). 500. 

Fig. 12—Same as Fig. 11. 


Cent Chromium Oxidized at 1400 


Chromium Oxidized at 


described for 1400 degrees Fahr. (760 degrees Cent.) and that to 
be described for 2000 degrees Fahr. (1095 degrees Cent.). 














xidized at 1400 


m Oxidized at 


xidized at 240 


and that to 
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. 10 shows a typical area in the steel just underneath the scale 


ig 


after oxidation at 2000 degrees Fahr. (1095 degrees Cent.). The 






innermost precipitation of oxide had taken place along the grain 
boundaries. This resulted in the formation of well defined crystals 







of an oxide high in chromium in the grain boundaries of the metal. 






Ry darkfield illumination these crystals were bright red, i.e., their 
color by transmitted light was bright red. Next the red oxide crystals 
had formed within the grains, beginning close to the grain boundaries 







and finally dotting the whole grain. Apparently no ferrous oxide 






formed as a separate phase until after the major portion of the 






chromium had been oxidized. Ferrous oxide first formed as pro 






jections of the inner scale layer along the grain boundaries of the 






metal. ‘The structure thus developed is that shown in lig. 10. The 






red oxide was enveloped by the ferrous oxide of the inner scale with- 






out evident change in the appearance of the red oxide. There was a 





cellular network of red oxide in the inner ferrous oxide scale layer. 





(his network corresponded to the grain-size of the steel at the time 






the red oxide was precipitated in the grain boundaries of the metal. 
At higher temperatures the oxide which separated ahead of 






the scale-metal interface was less translucent and was apparently 






mixed with at least one other phase. Spheroids of silica or silicate 






also separated, Fig. 11. Between the area shown in Fig. 11 and 






the scale, the oxidation of the metal had resulted in the formation 
of at least two oxides high in chromium as well as a silicate phase 





(dark). (Pig. 12.) No ferrous oxide is present in this photograph. 







12 Per Cent Chromium Steel (No. 7 and 8, Table 1) 









The oxides precipitated on oxidation of the two 12 per cent 
chromium steels were identical except for the amount of silica or 
silicate formed at high temperatures. This reflected the silicon 
analyses of the steels. 






rig. 13 illustrates the scale-metal interface in 12 per cent 
chromium steel after oxidation at 1400 degrees Fahr. (760 degrees 
Cent.). No precipitation of oxide in the metal near the interface was 
observed. The oxide which formed the inner scale layer gave some 
red internal reflections by darkfield illumination. 

\fter oxidation at 1800 degrees Fahr, (980 degrees Cent.) the 
oxides precipitated in the metal near the scale are shown in Hig. 14, 


(he form is intermediate between the forms which occurred in 









TRANSACTIONS OF THE 


Fig. 13—Chromium Steel No. 7 Containing 12 
1400 Degrees Fahr. (760 Degrees Cent.). 500. 
Fig. 14—Chromium Steel No. 7 Containing 12 
1800 Degrees Fahr. (980 Degrees Cent.). > 500. 
Fig. 15—Chromium Steel No. 8 Containing 12 
2000 Degrees Fahr. (1095 Degrees Cent.). x 500. 
Fig 16—Chromium Steel No. 7 Containing 12 
2200 Degrees Fahr. (1205 Degrees Cent.). Xx 100. 
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a | i 
q e° 
4 2 a“ 


19 . 20 eos oo 


idized at at ee. Per Cent Chromium Steel Showing Area Similar to Fig. 16, Etched 
in Nital. XX 100. 
Fig. 18—Detail of Area Similar to Fig. 16. X 500. 
5: Fig. 19—-Chromium Steel No. 7 Containing 12 Per Cent Chromium Oxidized at 
‘dived at 2400 Degrees Fahr. (1315 Degrees Cent.). x _ 100. 
Ee Fig. 20—Chromium Steel No. 8 Containing 12 Per Cent Chromium Oxidized at 
2400 Degrees Fahr. (1315 Degrees Cent.). X 500. 


idized at 


idized at 


the 5 per cent chromium steel at 1400 and 2000 degrees Fahr. 
(760 and 1095 degrees Cent.). 
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At 2000 degrees Fahr. (1095 degrees Cent.) the oxid 


cl nl of} 


l2 per cent chromium steel apparently took place in a manner a 


alogous to the oxidation of the 5 per cent chromium steel at th 


same temperature except that a larger amount of oxide high j, 
chromium precipitated in the steel, see Fig. 15. The amoun 
oxide high in chromium which precipitated in the metal appears to ly 
a function of the chromium content of the steel. Compare Fig, 15 
with Fig, 10. The oxide high in chromium, Fig. 15, gave some rei 
internal reflections by darkfield illumination. As in the 5 per cen 
chromium steel, the red oxide was enveloped by the inner ferroys 
oxide scale (top of Fig. 15) without evident change in the red 
oxide. 

Figs. 16, 17 and 18 illustrate the pattern of the precipitated ox 
ides after oxidation at 2200 degrees Fahr. (1205 degrees Cent.) 
The pattern of the precipitated oxides was banded and was depend 
ent in form on the coexistence of alpha and gamma bands in th 
steel, Migs, 16 and 17. 

ig. 19 illustrates the form of the precipitated oxides in the 12 
per cent chromium steel which contained 0.47 per cent of. silicon 
(No. 7, Table 1), after oxidation at 2400 degrees Fahr. (1315 de 
grees Cent.). Strings of silica or silicate particles formed in ad 
vance of any visible separation of oxides high in chromium. Next 
the oxidation of chromium occurred. Oxides high in chromium 
precipitated in the metal and complex oxide-silica or oxide-silicat: 
globules were formed from the strings of silica or silicate droplets 
Various stages in this process may be seen in Fig. 20. This photo 
micrograph illustrates the transition from silica or very glassy silicate 
particles to the complex oxide-silica or oxide-silicate particles. Som 
silica or glassy silicate spheroids may be seen at the bottom of fig 
20 (the small rounded particles with light concentric rings). As the 
chromium in the steel oxidized, some of the oxide formed evidently 
dissolved in the silica or silicate particles and saturated them with 
the oxide at the temperature of oxidation. On quenching, this solu 
tion of oxide high in chromium and silica or silicate broke down 
into a mixture of two phases. The beginning of this process maj 
be seen in the round particle at the extreme right of Fig. 20, This 


particle has a glassy center and an outside rim of a fine mixture of 


oxide phases. In the three round particles at the top of the photo 
micrograph, the entire centers are composed of a mixture of oxid 


phases and the globules have a rim composed of crystals of oxide 
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» chromium. This sample, Fig. 20, contained only 0.22 per 


cent of silicon. Due to the low silicon content, the oxidation of 
and chromium was nearly simultaneous at 2400 degrees Fahr. 


silicon 


(1315 degrees Cent. ). In the 12 per cent chromium steel which 
ontained 0.47 per cent silicon, there was sufficient silicon in the 
metal to form an appreciable amount of silica or silicate definitely 
» advance of the precipitation of oxide high in chromium as a sep 


rat 


phase. The precipitation of silica or silicate apparently maim 


rains a concentration of oxygen (in the metal) which is too low to 
cause the separation of oxides high in chromium. ‘Thus oxides high 

chromium can precipitate only after the major portion of the 
silicon in the area has been oxidized, Increase in the silicon content 
of the alloy increases the amount of silicon, in ally portion of steel 
ample, which must be oxidized before oxides high in chromium can 
precipitate. Hence the band, inside the scale proper, in) which 
silica or silicate is precipitating widens as the silicon content is in- 
creased and the separation of silica or silicate ahead of the oxides 


high in chromium becomes readily discernible, 
17 Per Cent Chromium Steel (No. 9, Table 1) 


In the 17 per cent chromium steel after oxidation at 1400 de 
orees Fahr. (760 degrees Cent.), the scale resembles that formed 
on the 12 per cent chromium steel at 1400 degrees Fahr. (760 de 
erees Cent.) (Fig. 13) except that traces of an inner layer of green 
oxide were observed. There was also in this steel (as in the 12 
per cent chromium steels) a layer of oxide which gave some red 
internal reflections. The green oxide occurred as a very thin layer 
between the metal and the oxide which gave some red internal re 
lections. No precipitation of oxides in the metal near the interface 
was observed. 

\t 1800 degrees Fahr. (980 degrees Cent.) precipitation of 
red oxide in the metal had evidently begun, see Fig. 21, but occa- 
sional traces of the green oxide were still present. 

\t 2000 degrees Fahr. (1095 degrees Cent.) the inner layer otf 
ereen oxide had disappeared. The oxides which had precipitated 
in the metal are shown in Fig. 22, which may be compared with 
Vig. 17 which shows oxides precipitated by oxidation of 12 per cent 
chromium steel at 1800 degrees Fahr. (980 degrees Cent. ). 

\t 2200 degrees Fahr. (1205 degrees Cent.) well-formed crys- 
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23 


Fig. 21—Chromium Steel No. 9 Containing 17 Per Cent Chromium Oxidized at 
1800 Degrees Fahr. (980 Degrees Cent.). x 500. 


°° 


Fig. 22—Chromium Steel No. 9 Containing 17 Per Cent Chromium Oxidized at 
2000 Degrees Fahr. (1095 Degrees Cent.). X 500. 

Fig. 23—Chromium Steel No. 9 Containing 17 Per Cent Chromium Oxidized at 
2200 Degrees Fahr. (1205 Degrees Cent.). X 500. 

Fig. 24—Stainless Steel No. 10 (18-8) Oxidized at 1800 Degrees Fahr. (980 
Degrees Cent.). xX 500. 
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Fig. 25—Nodules of Accelerated Scaling on 18-8 Stainless Steel No. 10 Oxidized 
at 2000 Degrees Fahr. (1095 Degrees Cent.). 100. 
Boul at Fig. 26 Nodules of Accelerated Scaling on 18-8 Stainless Steel No. 12. X 500. 
Fig. 27—Same as Fig. 26. X 500. 
Fig. 28—Same as Fig. 26. x 500. 


dized at 


dized at 


r. (980 tals of oxide high in chromium precipitated in the metal. These 
resembled the oxide formed in the 12 per cent chromium steels at 
<000 degrees Fahr. (1095 degrees Cent.). Compare Fig. 23 with 
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lig. 15. Most of the oxide erystals in Fig. 23 appeare: 
darkfield illumination although occasional red internal 
were observed. The loss of translucence of the red OX1c 
crease of the chromium content of the steel appears to b 
property of the oxide since the crystal size of the red OX1C 
9 per cent chromium steel (Fig. 10) and in the 17 per cent chromiuy 
steel (Tig. 23) were the same. For equally translucent er tals | 
the same size and shape, an equal amount of light should be reflect, 


from the oxide-steel interfaces at the back and sides of the oxic, 


crystals as they are observed in polished sections by darkfield ily 
mination. However, in this case the oxide observed after oxidation 0 
the 5 per cent chromium steel was bright red while only occasiona 
red internal reflections were observed in the oxide precipitated in the 
17 per cent chromium steel. This observed change in the characte: 


of the oxide crystals with increasing chromium content of the steel 


from which they were precipitated lends credence to the explana 


tion suggested by Dayton (6) for his failure to observe red color by 
reflected light in an apparently similar oxide, in a sample of chro 
mium, which he reported to be red when separated from the metal and 
examined by transmitted light. 


1S-8 Sieels (No. 10, No. 11 and No. 12, Table J) 


After oxidation at 1400 degrees Fahr. (760 degrees Cent.) th 
scale on all three steels contained a thin and apparently continuous 
layer-ot green oxide next to the metal. On the other side of th: 
green oxide was a layer of oxide which gave some red internal reflec 
tions. As in the 17 per cent chromium steel, there was no visible 
precipitation of oxide in the metal near the scale-steel interface, At 
1800 degrees Fahr. (980 degrees Cent.) the precipitated oxides (Fig 
<+) resembled those produced by the oxidation of the 17 per cent 
chromium steel (Fig. 21) at the same temperature. 

At 2000 degrees Fahr. (1095 degrees Cent.), however, localized 
nodules of scale formation were observed. They were apparently 
similar to those mentioned by Heindlhofer and Larsen (7). One of 
these is shown in Fig. 25. The nodules had more or less rounded 
outlines on the surface of the sample. The penetration of oxida 
tion into the metal is deepest under the center of the nodules. Figs 
26, 27 and 28 illustrate the microstructure of these nodules on the 
18-8-molybdenum steel (No. 12, Table 1). Exactly the same char 
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cteristics Were observed in the nodules on the regular 18-8 steel 
No. 10, Table 1) and on the 18-8 steel with higher chromium and 
nickel analyses, (No. 11, Table 1). The grain boundaries in the 
nodules were outlined with oxide. We believe that this oxide was 
silica or a silicate since at a somewhat higher temperature (2200 
degrees Fahr.) the first oxide formed in the grain boundaries in 
these steels had the appearance and characteristics of silica or silt 


cate, see Fig. 29. The centers of the grain in the nodules contain 


crystals of oxide high in chromium surrounded by a band of oxides 


high in chromium. ‘These oxide bands sometimes form a double 
edge of the grain boundaries, see Fig. 27. The crystals of oxides 
high in chromium and most of the oxide bands between the crystals 
and the grain boundaries were dark with very few red internal re 
lections by darkheld illumination. Sometimes edges of green oxide 
occurred. One of these is indicated by an arrow in Fig. 28. The 
ereen oxide always occurred on the side of the oxide rim next to the 
rain boundary. ‘The localized nodules of scale formation were 
present together with massive scale, illustrated by lig. 30. In this 
scale the layer next to the metal was green by darkfield illumination. 
(he other layer was similar to the red oxide layer observed on the 
12 per cent chromium steel at 1400 degrees Fahr. (760 degrees 
Cent.). At 2200 degrees Fahr. (1205 degrees Cent.) the scaling had 
changed to the type produced on the 5 per cent chromium and 12 
per cent chromium steels by oxidation at lower temperatures, 1.e., the 
formation of oxides high in chromium along the grain boundaries 
and within the grains of the metal, see Fig. 31. We believe that the 
localized nodules of scale formation are a manifestation of the shift 
in the type of scaling from that produced on these steels at 1800 
degrees Fahr. (green and red oxide layers) to that produced at 2200 
degrees Fahr. (precipitation of oxides in the grain boundaries of 
the metal underneath the scale). The nodules are apparently 
caused by the failure of the green oxide layer to form in localized 
areas. This evidently permits oxidation in these areas to proceed at 
an accelerated rate. This shift in the scale type depends on the 
chromium content of the alloy. With 17 per cent of chromium (No. 
%, Table 1) precipitation of red oxide in the grain boundaries of the 
metal was observed after oxidation at 1800 degrees Fahr. (980 de- 
grees Cent.) although some green oxide coexisted, but no green 
oxide was observed after oxidation at 2000 degrees Fahr. (1095 de 
grees Cent.). With 18 per cent of chromium (No. 10, Table [) the 
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change in the type of oxidation occurred about 2000 degrees Fahr., 
(1095 degrees Cent.). In this steel some green oxide was observed 
after oxidation at 2000 degrees Fahr. but none after oxidation at 
2200 degrees Fahr. (1205 degrees Cent.). With 20 per cent of 
chromium (No. 11, Table I) traces of green oxide were observed 
after oxidation at 2200 degrees Fahr. (1205 degrees Cent.) but 
none after oxidation at 2400 degrees Fahr. (1315 degrees Cent.). 
However, the particular form, 1.e., nodules of accelerated scaling, ob 
served on the 18-8 steels may be conditioned by the nickel in the 
alloy. 

Figs. 32 and 33 illustrate the precipitated oxides produced by 
scaling at 2400 degrees Fahr. (1315 degrees Cent.). The samples 
were etched with aqua regia-glycerine reagent to show the extent of 
the separation of nickel or an alloy of iron and nickel as the chro 
mium was oxidized and removed from the metal phase. The aqua 
regia-glycerine reagent attacks this residual alloy at a different rate 
than it attacks the original stainless alloy, see Fig. 33. Fig. 34 shows 
that oxidation of the chromium in the alloy left a similar metallic 
residue within and adjacent to the inner scale at 2000 degrees Fahr. 
(1095 degrees Cent.). Since this residue is obviously either nickel 
or an iron-nickel alloy and may have a different permeability for 
oxygen than the original stainless alloy and the oxides in the scale, 
it adds another factor to be considered in the scaling rate of the iron 
nickel-chromium alloys. Such a metallic residuum was not present 
after oxidation of the chromium-iron stainless steels. 

Hig. 35 illustrates the inner scale and the oxides precipitated in 
the adjacent metal after oxidation of the 18-8-molybdenum steel (No. 
12, Table 1) at 2400 degrees Fahr. (1315 degrees Cent.). This 
steel contained 0.58 per cent of silicon. It was evident from exam 
ination of the steel that the separation of silica or silicate particles 
generally occurred at the boundaries between the alpha phase and 
the gamma phase. This might be expected since silicon is more 
soluble in alpha iron than in gamma iron while oxygen is more 
soluble in the gamma phase. Fig. 36 is a detail of one of the groups 
of silica or silicate particles arrested, by quenching, in the process 


of taking oxide high in chromium into solution. Fig. 36 may be 


compared with Fig. 20 which showed a similar reaction in 12 per cent 
chromium steel. The alternate dark and bright bands in the large 
irregular silicate particle at the bottom of Fig. 35 are interference 
bands such as have been described by Benedicks and Lofquist (8). 
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Fig. 33—Detail of Area of 18-8 Stainless Steels Similar to Fig. 32. %* 500 

Fig. 34—Stainless Steel No. 11 (18-8) Oxidized at 2000 Degrees Fahr, (199 
Degrees Cent.) Etched in Aqua Regia-Glycerine Reagent. 500 

Fig. 35—-Stainless Steel No. 12 (18-8) Oxidized in Alpha Plus Gamma Tempera 
ture Range, Etched in Aqua Regia-Glycerine Reagent. x 100 

Fig, 36—Detail of Area Similar to Fig. 35, 500. 
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The scale was very slight on the 27 per cent chromium steel 
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oxidation at 1800 degrees Kahr. (980 degrees Cent.). It re- 


altel 
sembled the scale shown in Fig. 37 (2000 degrees Fahr.) except 


that there was no observable precipitation of silica or silicate in the 
metal underneath the scale. The scale layer next to the steel gave 
sreen internal reflections and the next scale layer occasional red in 
rernal reflections. By heating at a higher temperature, see Fig. 38, 
‘t was evident that the oxide precipitated in the metal near the scale 
at 2000 degrees Fahr. was silica or a very glassy silicate. The two 
oxide layers in the scale may also be seen in Fig. 38. The scale 
and precipitated silica or silicate produced by oxidation at 2200 
degrees Fahr. (1205 degrees Cent.) resembled the illustration in 
lig. 38. 

\t 2400 degrees Fahr. the precipitation of oxides is illustrated 
by Figs. 39 and 40. Some of the oxide particles gave green internal 
reflection. In Figs. 39 and 41 it may be seen that oxidation of silicon 
and chromium occurred within the metal underneath the scale proper. 
(he precipitation of oxides thus formed apparently followed chem- 
ical composition banding in the steel. 

During the scaling at elevated temperatures of the series of iron- 
chromium and iron-nickel-chromium stainless steels listed in Table 
ll, the following order of oxygen concentrations appears to be 
maintained by the precipitation of the various oxide phases in the 
steel. As long as there is sufficient silicon in or diffusing into the 
metal near the scale-steel interface to maintain the precipitation of 
silica or silicate, the oxygen content of the metal will be maintained 
at a value too low to permit the separation of other oxide phases. 
The silicon content required to effect this will, of course, depend on 
the rate at which oxygen is supplied to the metal from the scale. 
As already shown by Heindlhofer and Larsen (9) the rate of supply 
of a scaling agent to the metal is dependent on the thickness of the 
scale, its mineralogical character, the temperature and, in the earlier 
stages of scaling, on the concentration of the scaling agent in the 
furnace atmosphere. The effect of the precipitation of oxides high 
in chromium is analogous to the effect of the precipitation of silica 
or silicate from the metal. As long as sufficient chromium is present 
at or diffuses to the scale-steel interface, the green oxide will be 
precipitated to the exclusion of the formation of other oxide phases. 
When the concentration of chromium maintained in the metal at the 
interface is no longer sufficient to maintain the precipitation of the 
green oxide, then the oxygen concentration in the steel rises and 
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Fig. 37—Chromium Steel No. 13 Containing 27 Per Cent Chromium Oxidized at 
2000 Degrees Fahr. (1095 Degrees Cent.). 500. 

Fig. 38—Area Similar to Fig. 37, Oxidized at Slightly Higher Temperature. ° 

Fig. 39—-Chromium Steel No. 13 Containing 27 Per Cent Chromium Oxidized at 
2400 Degrees Fahr. (1315 Degrees Cent.). 100. 

Fig. 40—Detail of Area Similar to Fig. 39. x 500. 

Fig. 41—Detail of Area Similar to Fig. 39, Etched in Aqua Regia-Glycerine 
Reagent. X 500, 
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precipitation of the red oxide occurs. The term, red oxide, as used 


‘1 this and the following paragraphs includes those oxides which are 
‘ndistinguishable by reflected light from the bright red oxide ob 
served in the 5 per cent chromium steel after oxidation at 2000 
degrees Fahr. (1095 degrees Cent.) but which are often darker 
when observed by darkfield illumination and at high temperatures are 
often composed of more than one oxide phase. These oxides have 
been lumped together for purposes of discussion since we do not 
know enough about these oxides to make finer distinctions and since 
the concentration of oxygen maintained by their precipitation appears 
to be greater than that maintained by the precipitation of the green 
oxide but less than that necessary to form ferrous oxide as a sep 
arate phase. Ferrous oxide appears to be precipitated only after the 
major portion of the silicon and chromium in the metal adjacent to 
the scale-steel interface has been oxidized. 

In the 5 per cent chromium steel the chromium concentration 
was not high enough to maintain the precipitation of the red oxide 
at the scale-steel interface during oxidation at temperatures from 
1400 to 2400 degrees Fahr. (760 to 1315 degrees Cent.) inclusive. 
The red oxide precipitated in the steel adjacent to the inner scale 
layer. The inner scale was composed of ferrous oxide containing a 
network of the red oxide. 

In the 12 per cent chromium steels there was apparently suffi 
cient chromium at and diffusing to the interface to maintain the 
precipitation of the red oxide at the interface at 1400 degrees Fahr. 
At 1800 degrees Fahr. and above the red oxide precipitated in the 
metal near the interface. At 2000 degrees Fahr. (1095 degrees 
Cent.) and above the inner scale layer was composed of ferrous 
oxide with a network of the red oxide. 

In the 17 per cent chromium steel, precipitation of the green 
oxide was maintained at the scale-steel interface at 1400 degrees 
ahr. (760 degrees Cent.) but not at 1800 degrees Fahr. (980 de- 
grees Cent.). After oxidation at 1800 degrees Fahr. an occasional 
piece of green oxide could be observed but there was also some 
precipitation of red oxide in the metal. After oxidation at 2400 
degrees Fahr. (1315 degrees Cent.) the inner scale layer contained 
some ferrous oxide phase. The 18-8 steels resembled the 17 per cent 
chromium steel except that the shift in oxidation type occurred be- 
tween 2000 and 2200 degrees Fahr. (1095 and 1205 degrees Cent.) 
depending on the chromium content of each steel. Furthermore, no 
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ferrous oxide was observed in the inner scale layer after . 
at 2400 degrees Fahr. (1315 degrees Cent.). 


In 27 per cent chromium steel both the inner green and 4 


adjacent red oxide layers were maintained during oxidation at te 
peratures up to and including 2200 degrees Fahr. (1205 degree 
Cent.). After oxidation at 2400 degrees Fahr. (1315 degrees Cen; 
there was precipitation of oxides in the metal. Both red and gree 
oxides were present at 2400 degrees Fahr. (1315 degrees Cent.), 

The formation of the observed two (or more) oxides high j 
chromium may well account for the low scaling rate of steels which 
contain chromium. The green oxide forms an inner layer of scak 
The red oxide either forms an inner layer of scale or precipitates jy 
the metal adjacent to the scale. In the latter case a continuous celly 
lar network of red oxide is formed in the grain boundaries of th 
metal. When the inner scale layer is composed of ferrous oxide. 
this network of red oxide is incorporated in the inner scale layer 
and adds its effect to the rate of diffusion of oxygen through th: 
scale. In steels which contain nickel, the continuous cellular net 
work of red oxides is present and also a certain amount of nickel 
or nickel-iron alloy is retained in the inner scale layer. This resid 
uum of nickel or nickel-iron alloy adds another factor in the rate 
of diffusion of oxygen through the scale. The summary of oxida 
tion forms given in Table II indicates the reason for the limitation 
of the low chromium alloys to the low temperature field. This shift 
in oxidation type apparently fits the experimental data of Rickett and 
Wood (9). They determined the scaling rate of chromium steels at 
980 degrees Cent. (1796 degrees Fahr.). They observed that th 
scaling rate dropped rapidly as the chromium content of the alloy 
was increased from 12 to 17 per cent. 

The data from which Table IIT was assembled were obtained 
from samples subjected to comparatively short exposure to scaling 
conditions. Long time exposure at elevated temperatures might alter 
the oxidation type, i.e., such steels might scale according to Table I! 
only for a limited time. The chromium concentration in the metal 
near the interface might be depleted by diffusion and oxidation until 
the oxidation type indicated in Table IT could no longer be main- 
tained and the oxidation type would shift to that of an alloy with 
lower chromium content. Such a condition was indicated by the 
scaling of the 18-8 steels at 2000 degrees Fahr. (1095 degrees Cent.) 
Again, since the rate of supply of oxygen to the metal from the scale 
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thickness of the scale increases, the chromium con- 


-reases as the 
ration at the interface might become large enough (in relation 


1ec 
cent 
the concentration of oxygen supplied trom the scale) to shift the 


xidation type towards that maintained during the initial stages ol 


scaling in an alloy containing more chromium. It would seem that 


thes considerations might explain the sudden increase and _ later 


resumption of a lower scaling rate which were observed by Heindl- 
hofer and Larsen (9) in the case of 27 per cent chromium steels 
during scaling at 1100 degrees Cent. (2010 degrees Fahr.). It is 
also possible that different furnace atmospheres would shift the tem- 
perature of occurrence of the various oxidation types which are 
icted in Table IT. 

To recapitulate, when silicon was present in stainless steels silica 
+ silicate precipitated ahead of the oxides high in chromium pro 
vided that the temperature was high. In steels containing 0.4 to 0.6 
rer cent of silicon this was observed at 2200 degrees Fahr. (1205 
degrees Cent.). When less silicon was present, 0.2 per cent, the sep 
aration of silica or silicate was not definite except at 2400 degrees 
Fahr. (1315 degrees Cent.). The separation of silica or silicate 
frequently occurred along chemical composition banding, grain 
houndaries or alpha-gamma_ phase boundaries in the steel near the 
scale-steel interface. The scaling of a series of stainless steels con- 
taining from 6 to 20 per cent of chromium conformed to a general 
pattern of oxide formation which assumed similar forms in differ- 
ent alloys. However, the temperatures at which these similar forms 
occurred depended on the chromium content of the steels, see Table 
Il. The low scaling rate of the stainless steels appears to be due to 
the formation of two (possibly more) oxides high in chromium. 
The limitation of the low chromium alloys to the low temperature 
feld is consistent with the shifts of oxidation type observed. 

It is a pleasure to acknowledge the generous encouragement of 
Dr. M. A. Grossmann throughout the course of this work. 
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DISCUSSION 





Written Discussion: By RK. L. Rickett, Firestone Steel Products Co. 
Akron, Ohio. 

Anyone who has made microscopic studies of scaled specimens can appre- 
ciate the large amount of careful work necessary to produce the results re 
corded in this paper. Fundamental information of this sort is greatly needed. 
and it is to be hoped that the author will continue her investigation and extend 
the methods used here to the whole cross section of scale produced under vary 
ing conditions of time, temperature, and alloy content. 

Information regarding the reactions occurring at the scale-metal interfac: 
and within the metal is, of course, of considerable importance. Much mor 
important, though, in the opinion of the present writer, is a knowledge of th: 
constitution of the scale layer as it is first formed and the changes that tak: 
place as the scaling process continues. The metallographic method employed 
by the author is one method of attacking this problem, but one involving con 
siderable difficulties in technique. Also, as mentioned by the author, more in 
formation regarding the systems composed of the principal alloying elements 
and their oxides would probably be necessary for a complete interpretation oi 
the structures encountered, 

The compounds formed at the scale-metal interface at any period in th 
scaling process depend upon the amount of scaling agent reaching this point 
through the scale, the composition of the alloy and the temperature. In this 
way some indirect information as to the rate of diffusion through the scale 
might be obtained when investigating the scaling of complex alloys. Identif 
cation of the two “oxides high in chromium” described by the author would 
be of great value in this respect, when studying the oxidation of iron-chromium 
alloys. 

The order of precipitation of oxides within the scale as found by th 
author is interesting, but probably has little effect on the over-all scaling rat 
in the cases discussed. Reactions within the metal may, however, have con- 
siderable effect when there is rapid inter-granular penetration, as sometimes 
occurs in the presence of sulphur gases. In such a case a large amount of 
metal may be enclosed within a network of scale and the conversion of these 
“islands” of metal to scale may take place at a lower rate than the penetra- 
tion of scale. 

The order of oxidation of silicon and chromium within the metal as found 
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the author is what might be expected from the results given by Chipman 
‘or the deoxidation of steel by these elements’ bearing in mind, however, that 
Chipman’s results as given apply to liquid steel at 1600 degrees Cent. (2910 
degrees Fahr.). It might be surmised that aluminum in an alloy would be 
oxidized at a greater depth than silicon and chromium. The fact that silica 
r silicates were observed by the author only in the specimens oxidized at the 
higher temperature used may be because such temperatures are necessary fot 

particles to coalesce to a sufficient size to be easily visible. The fact that 
chromium is more readily oxidized than iron at low oxygen pressures was 
demonstrated by W. P. Wood and the present writer. 

lhe formation of nodules of scale on 18 per cent chromium-8 per cent 
nickel alloys at temperatures of about 1095 degrees Cent. (2000 degrees Fahr.) 
has also been observed by W. P. Wood and the writer. They found, too, that 
the oxidation rate of such alloys was quite variable at this temperature, indi 
cating that it is probably a region of rapid change in the temperature-rate of 
scaling relationship for the alloys. 

The author concludes that the formation of two or more oxides high in 
chromium at the scale-metal interface and within the metal may account for 
the behavior of the series of chromium alloys towards oxidation, It is the 
view of the present writer that the formation of these oxides and the rate of 
scaling both depend upon a common factor, that is the amount of metal and ot 
oxygen diffusing counter-currently through the scale. This factor, in turn, 
depends upon the type of scale initially produced and the changes that take 
place in the scale during the course of the scaling process. 

Written Discussion: By H. A. Schwartz, Manager of Research, Na 
tional Malleable & Steel Castings Co., Cleveland. 

While the author has concerned herself mainly with the oxides formed in 
alloys of iron with chromium and silicon, it may not be inopportune to offer 
for record an observation as to the composition of oxide layers. 

It was noted some years ago that annealing pots (used in the annealing of 
malleable castings) made of rather low carbon white cast iron containing some 
14 per cent of chromium formed in use two layers of oxide. ‘The outer layer 
whose fracture was bright and almost metallic in appearance, contained 63.7 
per cent iron and amounts of chromium ranging from 0.6 per cent downward. 
\n inner layer which was dull and earthy in fracture contained 44.8 per cent 
iron and 17.5 per cent chromium. No particular effort was made to secure 
complete analyses. 

Written Discussion: By M. A. Scheil and S. L. Hoyt, Research 
Metallurgist and Director of Metallurgical Research, A. O. Smith Corp., 
Milwaukee, 

During our investigation of various heat resisting alloys, we had oc- 
casion to study quite a few alloys of Fe-Cr compositions. We were interested 


in high temperature stability and made several accelerated life tests of a few 


pertinent compositions of these alloys. We found that the scaling or oxida- 


‘John Chipman, “Application of Thermodynamics to the Deoxidation of Liquid Steel,” 
lRANSACTIONS, American Society for Metals, Vol. 22, 1934, p. 431. 


*R. L. Rickett and W. P. Wood, Transactions, American Society for Metals, Vol. 22, 


+, p. 376. 
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tion takes place similarly as the author has pointed out, and in ¢ 
tion we would like to present a few observations that we have mad 
flected polarized light on Fe-Cr alloys containing above 30 


pel ‘ 
mium. 


Observations of the scale formed or internal oxidation that tak: 


these alloys was performed upon life tested wires. We used '& in 


swaged wires which were heated electrically and intermittently in ay 


temperatures above 2400 degrees Fahr. to accelerate scaling. Many 
test wires were cross-sectioned, polished and microscopically exami 
life testing, and the following account is given of our observations 

\n alloy wire of 58.0 per cent chromium, 0.08 per cent silicon, and 00 
per cent carbon was heated over 2 hours at 2550 degrees Fahr. Due to a } 
spot, the wire burned out in the life test, and an examination was made o! 


at this point. Our sample showed large cubical chromite inclusions when e, 


amined with the metallurgical microscope using plane reflected light, The: 
appeared as single phase crystalline inclusions of a light gray color. Many ; 
the same inclusions when examined with reflected polarized light under crosse 
nicols were birefringent and showed brilliant green polarization colors, whil 
others were opaque. Rotation of the stage gives four extinctions of the col 
with one revolution of the specimen. We did not observe any red or 
polarization colors in any of the oxide phase, 


brow 


Another alloy wire of 41 per cent chromium, 1.27 per cent silicon, an 
0.08 per cent carbon was heated 10 hours at 2550 degrees Fahr. A section « 
this wire was examined before heating and showed very few silica or silicat 
inclusions and a few opaque chromite inclusions in the wire as manufactured 
After heating, the wire showed a copious amount of globular glassy inclusio: 
dispersed throughout the entire cross section, but appearing to be most highly 
dispersed under the outside surface. When examined with reflected polarized 
light crossed nicols, practically all of these glassy globules showed the optical 
cross and concentric rings identifying them as silica. Practically all of thes 
were Colorless, indicating a high degree of purity with little or no contam 
nation from other metallic oxides, It would appear from these observations, 
that oxygen penetrated the sample combined with silicon and precipitated out 
very pure silica. We also observed some duplex inclusions similar to the 
type the author describes in Fig. 36 and 20, and which we believe were tormed 
when the chromite already in the sample in the unheated wire was fused with 
the liquid silica. At the metal-oxide surtace silicates were formed, and man) 
fragments of the oxide skin enveloping the wire could be observed.  Thes 
were bright in reflected polarized light with crossed nicols, and showed a 
distinct green color, very probably a contamination of iron and chromium 
oxides. The glassy oxide was isotropic and not birefringent as we had ob 
served in the crystalline inclusions mentioned before. 

Concerning the red colored oxide which the author observes in lowe! 
chromium steels, we were not able to observe this frequently, but we do find 
it present in a sample of special low carbon ferrochromium, containing 71.9 
per cent chromium, 0.10 per cent silicon, and 0.02 per cent carbon. The pol 
ished inclusions when viewed in plane reflected light are the typical light gra) 
chromite inclusions, being rectangular or cubical in shape. In reflected polat 
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‘ht with crossed nicols, we observed many of these crystals to be opaque 
nd a few that were birefringent, and showed a red polarization color. In this 
narticulas sample we found no evidence of the green colored birefringent 
oxides. A few of the red birefringent oxides in this sample showed the inte: 
erence bands, such as the author describes, and as first pointed out by Bene 
dicks and Léfquist using dark field illumination. 
\nother alloy wire of 47 per cent chromium, 0.10 per cent silicon and 
0.05 per cent carbon was heated 10 hours at 2550 degrees Fahr This was 
amined at the burn out and at several other places along the heated wire. 
\t the metal-oxide surface, the oxides are mostly opaque, but occasional green 
colored birefringent crystals were observed. In the metal dendritic shaped 
vides were precipitated and these show a reddish color with crossed nicols. 
rhe birefringent crystals with the polarization colors of green and red, as 
observed with reflected polarized light under crossed nicols, are probably the 
ame type of crystals that the author describes as “colored by internal reflec 
ons” and observed by her with darkfield illumination. However, the reader 
should distinguish between (1) the isotropic, glassy, colored silicates, as ob 
viously these are silicates contaminated by chromium and iron oxides, (2) the 
crystalline inclusions which show birefringence, and (3) the opaque crystal 
line inclusions which are chromite. Examination with the metallurgical 
icroscope using plain illumination often fails to make a distinction between 
e crystalline inclusions, however, with the metallurgical polarizing micro 
scope these inclusions may be examined for anisotropic character with reflected 
polarized light under crossed nicols, and in this manner, opaque chromite in 
clusions are distinguished from birefringent inclusions. The anisotropic crystals 
those which show internal reflections are considered to be more complex 
oxides, probably Fe-Cr-Si-Al oxides, such as a spinel type of inclusion, and 
should be distinguhed from the isotropic chromite. 

[he statement by the author, that ferrous oxide appears to be precipitated 
only after the major portion of the silicon and chromium in the metal ad 
jacent to the scale-steel interface has been oxidized, has been confirmed by 
the reader in several microscopic studies, however, we believe that some iron 
does oxidize and dissolve in the chromium oxide to form chromite inclusions, 
lor instance, an alloy wire with 38 per cent chromium, 0.10 per cent silicon 
ind 0.06 per cent carbon was scaled by heating electrically, and the scale that 
llaked off the wire was analyzed and found to contain 3 per cent FeO and 97 
per cent chromium oxide. 


We have not attempted to correlate the behavior or hjgh temperature 
stability of these alloys with the occurrence of either type of colored bire 
ringent oxide. 


Oral Discussion 







Joun Curpman:* Anyone who has worked on nonmetallic inclusions 
will appreciate the difficulties of technique which Miss Baeyertz has so beaut 
iully overcome in preparing the excellent photomicrographs which she has 
shown us, 


The order in which she has observed the oxidation of alloys to occur, sili- 


American Rolling Mill Co., Middletown, Ohio. 
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con, then chromium and then iron, is in agreement with what wo 
dicted from the known thermodynamic behavior of these metals. 
years ago, the Geophysical Laboratory in Washington published a st 
system, chromic oxide-silica in which they showed that chromi 
silica were quite insoluble in each other and formed no compound 
Miss Baeyertz’s work is in accord with this if we interpret the solut 
she has observed in one or two cases as being a solution, not of chro) 
in silica but perhaps of chromite in silica, or in a ferrosilicate. It wil! 
teresting to know if she has observed any effects upon the formation of sca}, 
and its microscopic appearance which could be attributed to variations 
melting practice of the alloy steels which were studied, particularly the effec 
that might be expected which could be tied up with the deoxidation practice 
in the manufacture of steel. 


Author’s Closure 


First, | want to thank those who have taken the trouble to discuss th; 
paper, particularly for the amount of additional evidence that has been given j 
these discussions. 

In reply to Mr. Rickett’s observations, I think that we really are talking 
about the same thing as regards the causes of the difference in rates of « 
oxidation, only we are looking at it from slightly different angles. 

I would like also to point out that in these observations on oxidation, ji 


many cases, especially in the precipitation of what we have called the red 
oxide high in chromium, oxidation resulted in the precipitation of a complet 


film of oxide around each grain of the metal, and only later, in the oxidation 
of the metal grain itself. This is quite in accord with Mr. Rickett’s observa 
tions on penetration of sulphur with the formation of sulphides. 

In reply to Dr. Schwartz, the observations are in a field beyond the scop 
of this paper, although very interesting. 

In reply to Dr. Hoyt and Mr. Scheil, | am very much interested in their 
observations. There is only one thing with which I cannot quite agree, that 
is the question of calling the complex oxides which contain a green birefringent 
constituent chromite, because really chromite is isotropic and, as described by 
Dr. Chipman in one of his papers, corresponds quite well with what we hav 
been calling the red oxides at lower temperatures in the low chromium alloys 
It is a single-phase mineral and is isotropic in these alloys. 

In reply to Dr. Chipman, we have not observed any correlation between 
furnace practice and the subsequent oxidation of stainless steels except insolal 
as residual deoxidants remain in the metal, such as residual silicon and alum 
num. If these are high, then, of course, they affect the subsequent oxidation 
of the metal. 
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HIGH TEMPERATURE PROPERTIES OF NICKEL- 
COBALT-IRON BASE AGE-HARDENING 
ALLOYS—PART I 


By CHarces R. AUSTIN 
Abstract 


Data on the nickel-cobalt-iron base alloys precipita 
tion-hardened by addition of titanium and further modified 
hy the addition of chromium have been reported previously 
by the author. Part I of the present investigation ea 
tends that work and deals with the mechanical properties, 
precipitation hardening at elevated temperatures, cold 
work hardenability and temperature softening properties. 

The alloys studied have been considered in their cor 
relation with the properties of the initial base alloy Konal 
(73 Ni 17 Co 10 FeTi) and with the modified chromium 
alloy K42B (46 Ni 25 Co 10 FeTi 19 Cr). Data on com 
mercial 80-20 nickel-chromium and_ stainless 18-8 have 
been included for purposes‘of comparison. 

At elevated temperatures alloys of high iron content 
are strong but exhibit brittleness. The maximum tensile 
strength at 600 degrees Cent. was obtained with 80 per 
cent cobalt. 

It has been demonstrated that precipitation hardening 
may occur in the absence of nickel, cobalt or iron under 
certain conditions. Thus when cobalt is removed the iron 
content must be markedly imcreased. Raising both the 
iron and cobalt content appears to increase the precipita 
tion hardening effect at 600 and at 750 degrees Cent. T1- 
tanium seems to be unique im imparting precipitation 
hardening to the ternary or modified ternary systems since 
silicon, zirconium and vanadium have no such effect. 

The work hardenability of stainless 18-8 is outstand 
ing but temperature softening occurs much more readily 
than with the K42B type of alloy. In this the behavior of 
both the quenched and pre-age hardened materials have 
been considered. 


, ‘HE results of an investigation on certain high temperature prop- 
erties of nickel-cobalt-iron base alloys were published in 1932.’ 


; 'C. R. Austin and G. P. Halliwell, “Some Developments in High Temperature Alloys 
in the Nickel Cobalt-Iron System,” Transactions, American Institute of Mining and Metal 
lurgical Engineers, Institute of Metals Division, 1932, p. 78-96. 


\ paper presented before the Seventeenth Annual Convention of the Society 
held in Chicago, September 30 to October 4, 1935. The author, Charles R. 
Austin, is associate professor of metallurgy, Pennsylvania State College, State 
College, Pa. Manuscript received June 3, 1935. 
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This work dealt with the tensile properties, the age-hardeniny cha, 


acteristics, and the resistance to deformation at elevated temperatyre. 


as revealed by the bend test. Particular attention was directed to ty 


alloys. “IKonal” containing 73 nickel, 17 cobalt and 10 ferrotitaniyy 
was regarded as the base alloy since this was the one of early 


cle Velo 


J per cent cobalt. 
lO per cent ferrotitanium and 19 per cent chromium was 


ment, and K42B containing 46 per cent nickel, 2 
con 
sidered the most interesting and promising alloy for high temperatyy, 
service on account of its remarkable tensile properties at elevated 
temperatures. Data on the creep characteristics of “Konal”’ have als 
been recorded.’ 


The present investigation is a more extensive study of the pro; 


erties of the alloys previously discussed, and provides an extended 
investigation on new or modified alloys, modification referring parti 
ularly to additions or substitutions of molybdenum, tungsten, vana 
dium and aluminum to alloy compositions approximating K42,. 

In general the alloys considered are complex and hence from 
the practical point of view the alloy combinations are unlimited 
Since economic limitations permit the study of relatively few alloys 
the conclusions drawn may be only tentative. From the academi 
viewpoint studies on alloy systems should proceed directly from a 
knowledge of the several binary systems but the important prope 
ties at elevated temperatures observed in complex alloy systems ap 
pear to warrant their immediate study. 

In Part I attention is devoted to the mechanical properties, to 
the age-hardening or precipitation hardening characteristics, and to 
the work hardening and temperature softening properties of tl 
alloys. 

Part II will provide a study of their resistance to high tem 
perature oxidation and to chemical corrosion. Information on th 
electrical resistivity and the metallography of the alloys will also 
be recorded. 

For the purpose of affording a useful basis of comparison, 
test data on well known commercial alloys such as stainless 18-5 
and 80-20 nickel-chromium alloys have been included. In con 
sidering the effects of modifications of composition within the basi 
alloys of the present paper it has been found useful to make rete 
ence to the two alloys previously emphasized, namely, “Konal” and 
K42B, since these alloys form a useful basis for comparison. 


°C. L. Clark and A. E. White, “Properties of Non-Ferrous Alloys at Elevated Ter 
peratures,” American Society of Mechanical Engineers, 1930. 
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NICKEL-COBALT-IRON ALLOYS 


\|ECHANICAL, AGE-HARDENING, WorRK-HARDENING AND TEM- 
PERATURE SOFTENING PROPERTIES OF THE ALLOYS 


The alloys were prepared in an induction furnace in 8-kilogram 
melts and chill cast in 2-inch square bars. The ingots were then 
usually homogenized at 1000 degrees Cent. (1830 degrees Fahr.), 
eround to remove surface imperfections and hot forged to 1 or '4- 
inch square. Before test the samples were quenched after anneal 
ing 1 hour at 950 degrees Cent. (1740 degrees Fahr.) and then 
subjected to a precipitation hardening treatment for 72 hours at 
650 degrees Cent. (1200 degrees Fahr.). 


Mechanical Properties of the Alloys 


Many of the mechanical properties have been recorded in the 
author's previously cited paper. However, a few test data on alloys 
exhibiting low ductility were omitted but are now included in ‘Table 
| for completeness and in order to permit a more precise evaluation 
of the effect of modifying the nickel-cobalt-iron ratios on the 
mechanical properties. This information is found in the O-100 
series, and illustrates the effect of increasing the iron content on 
various nickel-cobalt ratios of composition, above the 7.5 per cent 
introduced when 10 per cent ferrotitanium was added. ‘The ferro- 
titanium contained approximately 75 per cent iron and 25 per cent 
titanium. Many of the alloys failed in forging or gave unsatistac- 
tory tests on account of their apparent hard brittle nature. Where 
mechanical properties were evaluated it may be noted from the 
tabulated data that high yield and tensile values were obtained at 
000 degrees Cent. (1110 degrees Fahr.) but ductility was low. It 
may also be noted that substantial substitution of nickel by cobalt 
(Alloys 63, 60, 65 and 75) renders the alloys extremely difficult to 
lorge or too hard to test satisfactorily. 

The second series (2700) provides more complete test data on 
similar type alloys. All but 2789 were prepared with 10 per cent 
terrotitanium additions, and it is important to note that with only 
0.45 per cent iron valuable high temperature properties have been 
obtained. Most of the alloys show at 600 degrees Cent. (1110 de- 
grees Fahr.) a yield point of about 90,000 pounds per square inch, 
and the values for proportional limit (40,000-55,000 pounds per 
square inch) are considerably higher than for “Konal” although the 
ductility is low. At 600 degrees Cent. (1110 degrees Fahr.) 
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1936 


“Konal” gave 15,000 pounds per square inch proportional limit, 
47,000 pounds per square inch yield point, 77,000 pounds per square 
inch tensile strength and 25 per cent elongation. More than 40 
per cent iron appears to render the alloys hard and brittle. 

In the author’s earlier paper frequent reference was made to 
\lloy K42B (46 Ni, 25 Co, 10 FeTi, 19 Cr) which exhibited a 
proportional limit of 57,000 pounds per square inch and 21 per 
cent elongation and reduction of area, after the quenching and aging 
treatment. These values were considered by Dr. Merica as _ re- 
markable for any metallic material. The 2900 series Table I pro- 
vides data on the effect of modifying with tungsten and molybde- 
num, two elements in the same group as chromium in the periodic 
table. The effects of substituting silicon for titanium and for ferro- 
titanium in “Konal”’ are also indicated. The addition of molybde- 
num to K42B or the complete substitution of chromium by molybde- 
num in this alloy materially raises the proportional limit at 600 


degrees Cent. (1110 degrees Fahr.) but there is a corresponding 


reduction in ductility. ‘Tungsten additions in the absence of  ti- 
tanium do not appear to merit attention. 

It might be considered that silicon and particularly zirconium 
would confer on the nickel-cobalt-iron alloys high temperature prop- 
erties similar to those observed when titanium additions are made, 
since all elements are found in the periodic group IV. A marked de- 
crease in the values for the mechanical properties is noted when 
silicon substitutes titanium. Reference to substitution by zirconium 
will be made in the section on age-hardening. 

Of considerable interest is the 3100 series where a study has 
been made of the effect of varying ferrotitanium additions to “pure” 
commercial cobalt containing 99.32 per cent cobalt and 0.42 per 
cent nickel, These alloys are all subject to hardening by the 650 
degrees Cent. (1200 degrees Fahr.) aging treatment and alloy 3123 
with 20 per cent ferrotitanium provides the highest tensile value 
lor 600 degrees Cent. (182,000 pounds per square inch) of any 
alloy of the series tested. However, the proportional limit and 
yield point are relatively low. 


Age-Hardening Characteristics 


Undoubtedly one of the most important characteristics of these 


*Paul D. Merica, “The Age-Hardening of Metals.” Annual Lecture, American 
nstit of Mining and Metallurgical Engineers, Institute of Metals Division, 1932, p. 46. 
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Table Il 
Summary of Age-Hardening Characteristics of Various Alloy Modifica: 


ns 


’ Vickers Hardness Number - \ 
Quenched 
Alloy 950° Aged at 600° C. Aged at 750° C, Chemical Analy 
No. Cent Max. 200 Hrs. Max. 200 Hrs. Ni Co Fe Ti 
53 170 350 350 (370*) 234 235 (270*) 42.25 40.07 14.46 2.29 
6 390 750 520 (470*) 490 315 (290*) : 40.24 44.07 2.18 
59 190 380 370 300 220 Sa.40 tase oacee 2.ae 
63 350 450 355 400 290 3.50 11.92 71.42 2.61 
64 410 575 400 wok ae 8. 29.77 59.31 2.28 
67 145 290 280 220 205 Tre 75.71 21.46 2.19 
2789 150 325 310 175 165 35 61.69 0.45 2.08 
2790 140 325 310 245 175 ; $3.06 13.31 2.82 
2791 130 275 260 150 150 3 69.18 14.38 2.53 
2792 150 300 =300 260 230 12.81 22.39 2.52 
2793 150 300 300 160 160 2 54.18 22.77 2.54 
2794 150 330 ©6330 270 220 . 13.88 40.76 2.41 
2795 390 620 450 405 360 39.35 44.89 2.26 
2796 175 405 400 285 220 10.00 55.84 2,32 
2797 240 280 250 250 240 38.96 60.05 1.76 
2798 145 320 310 235 220 30 40.37 2.53 


50 50 Synthetic Analyses 
2866 110 115 102 10 
2867 150 330 180 15 
2868 190 277 190 
2869 240 290 235 
2870 230 220 230 
2871 136 160 140 
2872 140 165 160 
2873 170 375 ; 260 
2874 150 170 170 
2875 150 170 165 
2876 150 175 150 
2877 205 205 


85 85 
2907 350 JZ. 325 
2908 5 320 
2909 : 330 
2910 2! 385 
2911 5 385 
2912 300 
2913 310 
2914 150 
2915 5 160 
2916 € 320 
2917 5 150 
2918 35 240 
2919 ' 145 
2920 : 150 


Aged at 650° C., 
200 Hrs. 
380 275 
240 240 
160 155 
130 125 


Aged at 600° C, 

200 Hrs. 200 

Konal 140 260 260 
K42B 230 340 340 
K41B 230 350 350 
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*Results of aging at temperature indicated for 2000 hours. 


alloys is their property of age-hardening at elevated temperatures. 
In the early investigations it was determined that a period of aging 
of 72 hours at 650 degrees Cent. (1200 degrees Fahr.) usually pro- 





mperatures. 
xd of aging 
isually pro- 
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duced about 80 per cent of the maximum hardenability of the alloy, 
«o that these conditions were maintained prior to testing of samples 
‘y tension. While this procedure has probably not produced the 
maximum mechanical properties which could be obtained with all 
alloy combinations studied it was considered to form a satisfactory 
hasis for comparison. 

\ general condensed tabulation of the chemical analyses, hard- 
ness as quenched from 950 degrees Cent. (1740 degrees Fahr), and 
hardness after aging at 600 and at 750 degrees Cent. (1110 and 
1380 degrees Fahr.) is submitted in Table Il. In the first series 
(0-100) it may be noted that the presence of nickel is not essential 
to marked age-hardening (67) and that the concomitant increase in 
the cobalt and iron content leads to very high aged hardness values 
even after the 750 degrees Cent. (1380 degrees Fahr.) treatment 
(alloys 56 and 64). 

The 2700 series provides further data on similar alloys. Again, 
maximum hardness is shown with high iron and cobalt content 
(2795). This alloy has the greatest hardness in the quenched and 
in the aged condition which suggests that the iron-cobalt solid solu- 
tions or alloys per se are very strong at elevated temperatures. 
The iron-free alloy with high cobalt content (2789) exhibits good 
aging characteristics at 600 degrees Cent. (1110 degrees Fahr.) 
but the hardness falls markedly at 750 degrees Cent. (1380 de- 
grees Fahr.). 

The 2800 series consists of various modifications of ‘‘Konal” 
and K42B. Thus the omission of titanium from “Konal’” (2866) 
or the substitution of zirconium (2874, 2875, and 2876) renders the 
alloy nonhardenable by precipitation aging. Similarly the omission 
of titanium (2870) or the substitution of zirconium (2877) in the 
chromium-bearing K42B eliminates the age-hardening feature. The 
iron-free “‘Konal’”’ alloy (2872) has little power of age-hardening 
and the addition of extra titanium (2871) has little effect on the 
hardness of this nickel-cobalt alloy. These results should be com- 
pared with the marked hardening obtained at 600 degrees Cent. 


(1110 degrees Fahr.) in alloy 2789 which is practically iron-free 
but is high in cobalt. 


The effect of increasing the amount of ferrotitanium in 
“onal” is recorded in the data for alloy 2873—super “Konal’— 


‘This statement must not be confused with the effect of increasing ferrotitanium or 
im in presence of iron. 
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Duration of Aging in Hours 
Fig. 1—Age-hardening Characteristics of Alloys in the 0-100 Series in Comparison wit! 


*Konal” and K42B. Alloy 67—Trace Ni, 75.7 Co, 21.5 F, 2.2 Ti. Other Analyses in 
Table I. 


which reveals the maximum aged hardness in this series, at 600 and 
at 750 degrees Cent. (1110 and 1380 degrees Fahr.) although the 


hardness of the solid solution is relatively low. The influence 0! 
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Fig, 2——-Age-hardening Characteristics of Alloys in the 2700 Series 


in com 
parison with ‘‘Konal’’ and K42B. Chemical Analyses Recorded in Table II 


increased ferrotitanium may also be noted in alloy 2807 aged at 
O00 degrees Cent. (1110 degrees Fahr.). The profound harden- 
ES is ing effect of increasing the titanium content in the presence of iron 
Analyses in is at once evident when studying the curves in Fig. 1 used to 

indicate the age-hardening trend of K21 (58 Co, 32 Ni, 7.5 Fe, 
t 600 and 25 Ti) and K32 (58 Co, 27 Ni, 10.5 Fe, 4.5 Ti) at 700 and 
1ough the /0 degrees Cent. (1290 and 1380 degrees Fahr.). Reversing the 
luence of nickel-cobalt ratio in K42B results in little change on the quenched 
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Fig. 3—-Age-hardening Characteristics of Alloys in the 2900 
Series in Comparison with K42B. Chemical Analyses Recorded 
in Table Il 


hardness but it materially reduces the hardness of the aged alloy 
(2869). See Table II. 


The 2900 series represents an analysis of the aging character- 
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istics of modifications of K42B. It demonstrates that the substitu- 
ion of silicon for titanium completely eliminates the aging proper- 
ties of the alloys (2919 and 2920). Decreasing the amount of 
rungsten substituted for 19 per cent chromium in K42B results in 
» decrease in the aged hardness of the alloys (2907-9), but the sub- 
stitution of chromium by an equal amount of tungsten gives an 
appreciable increase in hardness (2907). More detailed informa- 


tion on this alloy is traced in Fig. 3. The substitution of molybde 
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Fig. 4—-Age-hardening Characteristics of High Cobalt and 


High Ferrotitanium 
Alloys Compared with Konal and K42B, 


num for chromium in K42B results in a markedly harder alloy after 
aging at 600 and at 750 degrees Cent. (1110 and 1380 degrees 
Kahr.) (Alloy 2911, Fig. 3), and the hardness of the quenched alloy 
is much superior. Even with only 4 per cent molybdenum (2913) 
hardness values comparable with those of K42B are obtained after 
aging at 600 degrees Cent. (1110 degrees Fahr.). A marked fall- 
ing off is noted after the 750 degrees Cent. (1380 degrees Fahr.) 
treatment (Fig. 3). 

Alloys 2914 and 2915 illustrate the effect of replacing titanium 
by vanadium in a chromium-free and in a chromium-bearing alloy. 
Again the close relationship of vanadium to titanium in the periodic 


system might indicate a probable strong similarity of behavior. 
alloy 


However, no age hardening is noted, Substitution of titanium by 


tungsten destroys the high temperature age-hardening feature 
character- (2917), 
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lig. 3 also traces the effect of 5 per cent additions of | 
(2910) and of molybdenum (2916) to K42B. After the 
grees Cent. (1110 degrees Fahr.) treatment the alloy a 
soften the base alloy but at 750 degrees Cent. (1380 degrees 
the additions appear to be beneficial. 


Figs. 1 and 2 provide information on the progress o 


ahr } 


age- 


hardening in the 0-100 and 2700 series respectively at 600, 650 
750 degrees Cent. (1110, 1200 and 1380 degrees Fahr.). It may he 
noted that although the quenched and aged hardness of alloys 5% 
and 64 are superior to those for K42B the tensile properties are 


and 


inferior (Table 1). Marked secondary age hardening was found jy 
several of these alloys, particularly at 750 degrees Cent. (138) 
degrees Fahr.). 

In Fig. 4 data are presented on high cobalt and high ferro- 
titanium alloys. Increasing additions of ferrotitanium to cobalt 
rapidly increase the amount of aging at 650 degrees Cent. (1200 
degrees Fahr.). A similar marked increase is found in “Konal” 
when the ferrotitanium addition is raised to 40 per cent (Alloy 
2873). | 


Work Hardenability 


Although it is well recognized that metals and alloys harden 
to different degrees with cold work little attention appears to have 
been given to a quantitative study of the phenomenon. It is con 
sidered likely that the work-hardening characteristics of alloys will 
be regarded as an important property of the material in consider 
ing the application of metals for industrial purposes. This recogni- 
tion has been particularly in evidence of late in the utilization of 
stainless 18-8 alloy in the hard rolled state, and a recent article on 
the effect of cold drawing gives quantitative data for carbon and 
low alloy steels. The increase in the yield point is particularly 
noteworthy.° 

Many years ago Alkins® studied the effect. of progressive cold 
work on properties of pure copper and found a discontinuity in 
tensile strength, hardness, etc., with increasing amounts of cold 
work. Apparently no satisfactory explanation of the phenomenon 
was forthcoming. More recently Rawdon and Mutchler’ and 

57. D. Armour, “Cold Finished Bars,’"”’ Mrrat Procress, May 1935, p. 43-48 
*W, E. Alkins, “The Effect of Progressive Cold Work upon the Tensile Properties 


of Pure Copper,” Journal, Institute of Metals, IT, 1918, p. 33. 


‘tH. S. Rawdon and W. H. Mutchler, “Effect of Severe Cold Working on Scratch 
and Brinell Hardness,” Transactions, American Institute of Mining and Metallurgical 
Engineers, Vol. 70, 1924, p. 342. 





Y, 650 and 
lt May he 
alloys SH 
erties are 
5 found in 


nt. (1380 


igh ferro- 

to cobalt 
‘nt. (1200 
1 “Konal” 


nt | \lloy 


ys harden 
's to have 
It is con 
loys will 
consider 
5 recogni- 
ization of 
article on 
rbon and 
ticularly 


‘sive cold 
inuity in 
of cold 
‘nomenon 
ler® and 
18 


e Properties 


on Scratch 
Metallurgical 


NICKEL-COBALT-IRON ALLOYS 


Table Ill 
List of Alloys Tested for Data Characteristic of Work-Hardenability 
in the Quenched and in the Quenched and Aged Condition 


Chemical Composition ‘ 
Ti 
Nickel Cobalt Iron tanium Other Elements Comments 
*() 20 10 eae ae *Konal’’ without Titanium 
27 54 15 High Co:Ni ratio, and high Fe Ti 
26 54 7. a Compare K41B with high Co:Ni 
ratio 
; 7 ; : K42B with Ni:Co ratio reversed 
18 25 7 etm : K42B without Titanium 
14 2 wax ae 7C ; K42B with 5% W added 
44 , 7.5 d 7S K42B with 5% Mo added 
50 2 ie 5W : K42B type with 5% W and no 
} ‘*Konal” without Cobalt 


»? 
; 


5 
2! “a 2 K42B 
8 5 74 ene Stainless 18-8 Carbon 0.07' 
Commercial “‘Nichrome IV” 
Commercial ‘Silchrome” 
Pure Electrolytic Iron 
Commercially Pure Nickel 


Fogler and Quinn’ have published data on the subject but found 
difficulty in reconciling their results although it was suggested that 
rate of deformation might be responsible for the appearance of a 
discontinuity. by one investigation and the absence of such break 
by another, even with tests conducted on similar material. 

In the present investigation selected alloys including  well- 
known commercial materials were cold-rolled to predetermined re- 
ductions of thickness in the quenched and in the quenched and 
aged condition. A list of these alloys with comments and chemical 
compositions is given in Table III. The samples were prepared 
by cutting 12-inch lengths from ™%-inch square forged bars. Two 
sets of samples of each alloy were then cold-rolled (in square 
grooved rolls) down to 0.355 inches across flats. Several interme- 
diate anneals at 950 to 1000 degrees Cent. (1740 to 1830 degrees 
Fahr.) were used, the number of annealing operations depending on 
the work-hardening characteristics of the alloy. 

The two sets of specimens were then thoroughly annealed at 
950 degrees Cent. (1740 degrees Fahr.) and quenched in water, 
one series was aged at 650 degrees Cent. (1200 degrees Fahr.) for 
72 hours. It was anticipated that this second treatment would have 
little effect on the work-hardening properties of the commercial 
comparison alloys such as nickel-chromium, and stainless 18-8 steel. 
Che selection of 650 degrees Cent. (1200 degrees Fahr.) for aging 

°M. F. Fogler and E. J. Quinn, “Scratch and Brinell Hardness of Severely Cold-Rolled 


Metals,” Transactions, American Institute of Mining and Metallurgical Engineers, Vol. 71, 
p. 889, 
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Fig. 5—Work-hardening Characteristics of Selected Alloys in the 2800 and 2900 
Series Compared with Konal, K42B, Nichrome IV, Stainless 18-8, Silchrome and _ the 
Three Base Metals Ni, Co, and Fe. All Specimens were Oil-quenched from 950 D: 
grees Cent. (1740 Degrees Fahr.) Prior to Cold Rolling. 

must not be regarded as the optimum temperature for all the alloys 
but rather as a mean temperature most suitable for the nickcl- 
cobalt-iron base alloys. 

Sections were cut from both series for hardness determination 
as heat treated. The bars were then cold-rolled between flat rolls 
until a reduction in thickness of 5 per cent had been obtained. 
Throughout these tests the number of passes naturally depended 
on the rate of work-hardening. Sections were again cut and rolling 
continued until specimens were obtained for 10, 20, 35, 50 and 75 
per cent reduction in thickness. In a few instances the alloys 
could not be rolled down to the maximum reduction desired. 

On account of the large amount of test data involved in this 
and subsequent work on temperature softening the hardness was 
measured by use of the Rockwell hardness machine. Although 
the values obtained on different alloys varied widely it was decided 
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Fig. 6—Work-hardening Characteristics of Selected Alloys in the 2800 and 
Series Compared with Konal, K42B, Nichrome IV, Stainless 18-8, Silchrome and 
the Three Base Metals Ni, Co, and Fe. All Specimens were Oil-quenched from 950 
Degrees Cent. (1740 Degrees Fahr.) and then Annealed (Aged) for 72 Hours at 6 
Degrees Cent. (1200 Degrees Fahr.) Prior to Cold Rolling. 


to observe all data with the diamond point (“C”’ scale) as the values 
thus obtained were considered to be more strictly comparable than 
would be the case by substituting the Rockwell “B”’ scale at lowe 
hardness values. Careful correlation of some of the data with 
Vickers hardness tests has permitted the values to be expressed in 
the latter units (see Table IV). A more complete list of observed 
Rockwell “C” hardness values is recorded in Tables V to VIIT inclu 
sive. 

The data illustrating the work-hardening characteristics of the 
quenched and aged alloys are plotted in Figs. 5 and 6 respectively. 
With the quenched alloys the effect of increasing the amount of 
cold work on the hardness is progressive although certain discon- 
tinuities are evident. It should be stated, however, that this section 
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Quenched Al/oy 
coccecenccne ~- Aged Alloy 
Mean of Aged and 
Quenched Values 
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Per Cent Cold Deformation 
Fig. 7—-Relation Between Per Cent Cold Deformation and Vickers Hardness 
f a Selected Number of Alloys as Quenched from 950 Degrees Cent. (1740 De 
grees Fahr.) and as Aged at 650 Degrees Cent. (1200 Degrees Fahr.). Where 
no Marked Aging Occurred Mean Values for the Two Tests are Recorded on One 
Curve, 











of the investigation was conducted for the purpose of relating the 
general work-hardening features of the alloys and not as an aca- 
demic study of the exact relationship between cold deformation and 


hardness of any one particular material. Thus the rapid rate of 


hardening of stainless 18-8 is at once evident. 
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Considering first the quenched alloys (Fig. 5) the absence 9; 


titanium (2870) does not have much effect on the work-hardenabj}j, 


of K42B but a reversal of the nickel-cobalt ratio provides { 
(2869) with the maximum quenched and worked hardness. 


\Lolyh 


denum addition (2916) also materially increases the hardening effec 
of deformation. ‘Tungsten additions apparently do not lead to a sity) 
ilar increase (2910). The effect of cobalt as a hardener js 


noted by comparison of “Konal’ with alloy 2867. 


also 


Tests on the aged alloys provide data which are considerab} 
more irregular (Fig. 6). K42B now hardens to a much greater ex 
tent than the titanium-free alloy (2870), and “onal” and titanium 
free “onal” (2866) exhibit a considerably greater spread when aged 
K42B type with a high ratio of cobalt to nickel content (2869) agai 
provides the maximum worked hardness. Kelatively small ditfe: 
ences result from the addition of molybdenum or tungsten to K42)} 

In Fig. 7 have been plotted data on the more interesting alloys 
in both the quenched and aged state. Mean values have been re 
corded for iron, nickel, nichrome, stainless steel and alloy 2870 sinc 
they naturally showed limited variation. The hardness is expressed 
in the form of Vickers hardness number as this scale is more open 
than Rockwell “C” in the higher hardness ranges. This diagram 
reveals more clearly the irregular or discontinuous nature of the 
hardening effect on the aged alloys, and demonstrates the much 
greater hardness which may be obtained by working the alloys in the 
aged condition. It is important to observe under what conditions 
this work hardness persists when the alloys are subject to annealing 
treatments at various elevated temperatures. 


Temperature Softening Characteristics of the Alloys 


The effects of annealing cold-worked metallic materials are im 
perfectly understood even when related to relatively pure metals 
The softening of a cold-worked metal by raising the temperature 1s 
usually spoken of as recrystallization although crystal recovery can 
apparently lead to marked softening without the birth of new crystals 
However, previous work on the subject is extensive and limited cita 
tion will be made. 

It appears to be a commonly observed fact that when cold- 
worked metals are annealed at progressively increasing temperatures 
an increase in hardness is first noted which is followed by a pro- 
gressive softening as the temperature is raised. This has been demon- 
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strated in cold-rolled nickel,’ in mild steel,*® and in work on nickel 
chromium alloys conducted by the author as part of an investigatio, 
on complex high temperature alloys.’' In the case of nickel a maxi. 

(480 


) the 


mum hardness (262 Brinell) was attained at 250 degrees Cen 
degrees Fahr.) and at 450 degrees Cent. (840 degrees Fal 


material was still harder (248 Brinell) than in the cold-rolled « 
(235 Brinell). 


With cold-rolled steel an increase in hardness was shown on 


( State 


annealing at 500 degrees Cent. (930 degrees Fahr.). With the nickel- 
chromium alloys 20 per cent cold forged, the hardness increased from 
255 to 285 Brinell for the 70-30 alloy when annealed 1 hour at 800 
degrees Cent. (1470 degrees Fahr.). 

The data for the present series have been condensed and pre 
sented in Tables V to VIII. Where marked aging characteristics 
were evident values indicating the behavior of the quenched and thy 
aged series are recorded. Where little difference existed in the data 
for the two series a record of the mean of the two values was con 
sidered satisfactory. 

The alloys investigated include those listed in Table ILI. Th 
work-hardening properties in the quenched and aged condition have 
been graphically depicted in Figs. 5, 6, and 7. After completion of 
the hardness determinations for each of the successive increments in 
cold reduction, all the samples were annealed for 24 hours in a ther 
mostatically controlled oil bath at 400 degrees Cent. (750 degrees 
Fahr.) and then air-cooled. Rockwell hardness numbers were then 
obtained on these samples (about 100) after cleaning on coarse 
metallographic polishing paper. They were then reannealed for 24 
hours at 500 degrees Cent. (930 degrees Fahr.) in the oil bath and 
the hardness again recorded. This was repeated at 600 degrees Cent 
(1110 degrees Fahr.). 

For subsequent 24-hour anneals at 50 degrees Cent. (120 de 
grees Fahr.) increments up to 900 degrees Cent. (1650 degrees 
Fahr.) the specimens were packed in finely powdered fused alumina 
and heat treated in an electric furnace. Some of the specimens ox! 
dized but this surface was removed by grinding. Air cooling was 
used after each anneal. The period of 24 hours was selected as 
°W. B. Price and P. Davidson, Transactions, American Institute of Mining and Metal- 
lurgical Engineers, 1920, Vol. 64, p. 414. 


0C, A. Edwards and K. Kuwada, “Influence of Cold Rolling and Annealing on the 
Hardness of Mild Stecl,’’ Journal, Iron and Steel Institute, 1927, II, p. 245. 


uc, H. M. Jenkins, H. J. Tapell, C. R. Austin and W. P. Rees, “Some Alloys for Use 
at High Temperatures,’’ Journal, Iron and Steel Institute, 1930, I, p. 237. 
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likely to produce the major part of any softening or hardening effect 


charac teristic of the particular alloy and temperature involved. 
Table V gives the quantitative effect of treatment for K42B, for 


alloy with additions of molybdenum and of tungsten oad tor 


that 
K42B with the ratio content of nickel to cobalt reversed. In each 
of these alloys the hardness due to maximum cold work (75 per cent) 
‘s not reduced to that of the less worked specimens until a temper- 
ature of about 700 degrees Cent. (1290 degrees Fahr.) is reached. 
The minimum general softening effect on heating to 750 degrees 
Cent. (1380 degrees Fahr.) is shown by the molybdenum alloy 
(2016), which also exhibits the maximum average hardness for 
various amounts of cold reduction after the softening anneals at 
850 and 900 degrees Cent. (1560 and 1650 degrees Fahr.). The 
results for the tungsten-bearing alloy (2910) are similar to those of 
K42B. The high cobalt alloy (2869) is somewhat harder through- 
out the progress of the various heat treatments. 

\lloy 2918 (titanium-free) is markedly inferior to any of the 
above alloys until the anneal is conducted at 850 to 900 degrees Cent. 
(1560 to 1650 degrees Fahr.) (Table VI). It is also interesting to 
compare the behavior of 2868 with 2869 (10 and 20 per cent chro 
mium content respectively). It is at once evident that greater hard- 
ening is dependent on the increase in chromium content. 

In Table VII are segregated the so-called non age-hardening 
metals. It is usual to associate a greater softness with increase in 
work-hardening at certain “recrystallization temperatures.” This is 
apparent to only a limited extent in'the data for nichrome and stain- 
less steel. In both these alloys increased hardness on low tempera- 
ture anneal may be noted followed by a marked decrease on anneal- 
ing at 600 degrees Cent. (1110 degrees Fahr.). Hardening prior 
to softening is exhibited by all metals in this table with the exception 
of nickel and iron. It is important to note that iron which was ex- 
tremely pure in the experimental work recorded shows complete ab- 
sence of hardening on annealing within the range of temperature 
studied. 

The remarkable increase in hardness attributed to high cobalt 
content and resulting from annealing cold-rolled material is illustrated 
by comparison of “Konal”’ with alloy 2867 (Table VIII). Un- 
doubtedly much of the increased hardness at 700 degrees Cent. (1290 
degrees Fahr.) may be due to higher ferrotitanium content but this 
is unlikely to persist at 850 to 900 degrees Cent. (1560 to 1650° F.). 
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Fig. 8a—The Effect on Vickers Hardness of Annealing Cold-Rolled Quenched a1 


Aged Alloys for 24 Hours at Temperatures from 450 to 950 Degrees Cent. (840-1740 Di 
grees Fahr.). Data for 10 Per Cent Reduction in Thickness is Plotted. 


The data in this section of the investigation are too extensive to 
reproduce graphically but it was considered valuable to select some 
of the more important alloys and compare their behavior as reveale( 
by hardness, with that of nichrome and stainless steel. For this pur 
pose the experimental data from two widely different amounts ol 
cold deformation were arbitrarily selected, 10 and 50 per cent re- 
duction of thickness. 

The alloys represented in Fig. 8a and 8b include K42B, K42B 
modified with 5 per cent addition of molybdenum (2916) and with 
5 per cent addition of tungsten (2910). The result of modifying 
K42B by reversing the nickel-cobalt ratio is shown in alloy 2869. For 
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each of these materials there are four curves, two represe t] 


s Lit 


effect of annealing treatment on the quenched and aged alloy 


duce 


10 per cent (Fig. 8a) and two representing similar treatments afte; 


SO per cent reduction (Fig. 8b). For nichrome and stainless ste¢! 
mean values for the quenched and aged alloys 10 per cent reduction 
and mean values for 50 per cent reduction have been used. 

A careful study of the two diagrams readily brings out the varia 
tion in characteristics of the alloys and reveals the differences between 
the K42B type of alloy and the two well known commercial materials. 
[It suffices to draw attention to the following general features. 

1. There is markedly greater hardness in the pre-aged alloys 
when annealed up to about 600 degrees Cent. (1110 degrees Fahr.) 
whether cold-rolled 10 or 50 per cent reduction. 

2. Above 650 degrees Cent. (1200 degrees Fahr.) the absolut 
magnitude and the changes in hardness for the quenched and aged 
alloys closely parallel each other for both per cent reductions con 
sidered. 

3. The greater hardness induced in the more heavily cold 
worked specimens persists up to about 750 degrees Cent. (1380 
degrees Fahr.) and in some instances, although to a lesser extent, 
up to 800 degrees Cent. (1470 degrees Fahr.). 

4. The much greater hardness developed by the K42B type 
alloy as compared with the two commercial alloys is strikingly evi 
dent. 

5. Considering the sections of the curves which turn sharply 
down in the top half of the chart and which represent the tempera 
ture regions where softening of a 50 per cent cold-worked material 
occurs (Fig. 8b) it may be noted that nichrome and 18-8 exhibit 
this sharp fall at 500 to 600 degrees Cent. (930 to 1110 degrees 
Fahr.) while alloy 2916 exhibits a similar fall from 600 to 750 de 
grees Cent. (1110 to 1380 degrees Fahr.). Above 600 and 750 
degrees Cent. respectively the rate of softening materially increases. 

6. The hardest alloy of the series (2869) maintains its re- 
markably high hardness (590 and 635 Vickers) at 600 degrees Cent. 
(1110 degrees Fahr.). Thereafter the fall in hardness is extremely 


rapid. 


GENERAL CONSIDERATIONS 


In a study of the properties of complex alloys it is economically 
possible to study only a limited number of materials. Data on the 
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hanical properties and age hardening characteristics of the nickel- 


mice 
cobalt-iron alloys containing 2.5 per cent titanium have been pre- 
sented with such chemical analyses distribution as to provide a gen- 


eral survey of the ternary system. These data should be correlated 
with those previously published. 

[t has been shown that high iron content renders the alloys very 
hard and that high cobalt alloys with moderate amounts of nickel 
also exhibit high tensile and yield values at 600 degrees Cent. (1110 
degrees Fahr..). [oo much attention should not be given to difficul- 
ties resulting from forging because cracking and failure under the 
hammer are not necessarily intrinsic properties of the alloy but may 
depend on melting or casting conditions or on the introduction of a 
suitable “scavenging” agent prior to casting. [Examples of this fact 
are readily cited in the development of the technique for casting 
malleable “pure nickel” and nickel-chromium alloys. 

Furthermore a uniform heat treatment, quenched from 950 de- 
srees Cent. (1740 degrees Fahr.) and aged 72 hours at 650 degrees 
Cent., has been employed for all the alloys subjected to mechanical 
tests. Additional work will unquestionably reveal heat treatments 
which would produce superior mechanical properties. 

The investigation on the age-hardening characteristics demon- 
strates that precipitation hardening may be obtained under certain 
conditions by the addition of titanium when any one of the three ele- 
ments nickel, cobalt, or iron is absent. Thus when cobalt is removed 
from “Konal’” the iron content must be increased to obtain marked 
age-hardening. Raising both the iron and the cobalt content appears 
to markedly increase the precipitation hardening effect at 600 and at 
750 degrees Cent. 

In K42B type of alloy the substitution of molybdenum or tung- 
sten for chromium does not materially modify the aging properties. 
Titanium appears to be unique in its property of imparting age-hard- 
ening to the ternary or modified ternary alloys. Silicon, zirconium 
and vanadium have no such effect within the temperature ranges 
studied. The profound effect of increasing the ferrotitanium in 
“Konal” from 10 to 40 per cent is noteworthy (compare “IXonal” 
and 2873, Fig. 4). 

The work-hardening and temperature softening properties of the 
alloys are considered to be important. The behavior on cold rolling 
as revealed by Rockwell hardness, is recorded in graphical form for 
the quenched and for the aged alloys. In general, the hardness in- 
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creases with the degree of cold deformation but discontinuities are 


apparent in both series. With the softest materials like nickel} and 
ifon the negative hardness values are naturally not so reliable byt the 


data are included for purposes of comparison. The relative profound 
work-hardening property of stainless 18-8 steel is evident ; 
graphs, while the behavior of 80-20 nickel-chromium is strict! 
parable to the general trend of the ternary alloys. 


n both 
y com- 


The last section of the paper on temperature softening is con- 
sidered to outline the general high temperature properties of the ma- 
terials. All hardness data, subsequent to the specified heat treatment. 
were obtained from measurements made at room temperature and it 
would be desirable to correlate with test data at elevated tempera- 
tures. However, it is usual to assume that such hardness tests are 
indicative of the high temperature properties. The data, presented in 
tabulated form, are grouped so that related alloys appear on any one 
chart and the characteristic features have been discussed. 

The limited data for 10 and 50 per cent reduction of thickness 
for selected alloys, presented in the last figures, assist in evaluating 
the magnitude of the variations in behavior of the nickel-cobalt-iron 
base alloys as compared with those of the well-known commercial 
high temperature materials. 
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PUBLICATION OF Part II 


The second paper (Part II) on “Resistance to High Tempera- 
ture Oxidation and to Chemical Corrosion with Electrical Resistivity 
and Metallographic Data on the Alloys” will appear in the Septem- 
ber 1936 issue of TRANSACTIONS along with the discussion of Part I. 
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